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ABSTRACT
Context. A key subject in extragalactic astronomy concerns the chronology and driving mechanisms of bulge formation in late-type
galaxies (LTGs). The standard scenario distinguishes between classical bulges and pseudo-bulges (CBs and PBs, respectively), the
first thought to form monolithically prior to disks and the second gradually out of disks. These two bulge formation routes obviously
yield antipodal predictions on the bulge age and bulge-to-disk age contrast, both expected to be high (low) in CBs (PBs).
Aims. Our main goal is to explore whether bulges in present-day LTGs segregate into two evolutionary distinct classes, as expected
from the standard scenario. Other questions motivating this study center on evolutionary relations between LTG bulges and their
hosting disks, and the occurrence of accretion-powered nuclear activity as a function of bulge stellar mass M? and stellar surface
density Σ?.
Methods. In this study we have combined three techniques – surface photometry, spectral modeling of integral field spectroscopy
data and suppression of stellar populations younger than an adjustable age cutoff with the code REMOVEYOUNG (RY) – toward a
systematic analysis of the physical and evolutionary properties (e.g., M?, Σ? and mass-weighted stellar age 〈t?〉M and metallicity
〈Z?〉M, respectively) of a representative sample of 135 nearby (≤130 Mpc) LTGs from the CALIFA survey that cover a range between
108.9 M and 1011.5 M in total stellar massM?,T. In particular, the analysis here revolves around <δµ9G>, a new distance- and formally
extinction-independent measure of the contribution by stellar populations of age ≥9 Gyr to the mean r-band surface brightness of the
bulge. We argue that <δµ9G> offers a handy semi-empirical tracer of the physical and evolutionary properties of LTG bulges and a
promising means for their characterization.
Results. The essential insight from this study is that LTG bulges form over three dex in M? and more than one dex in Σ? a tight
continuous sequence of increasing <δµ9G> with increasingM?, Σ?, 〈t?〉M and 〈Z?〉M. Along this continuum of physical and evolu-
tionary properties, our sample spans a range of ∼4 mag in <δµ9G>: high-<δµ9G> bulges are the oldest, densest and most massive ones
(〈t?〉M∼11.7 Gyr, Σ?> 109 M kpc−2, M?≥ 1010 M), whereas the opposite is the case for low-<δµ9G> bulges (〈t?〉M∼7 Gyr) that
generally reside in low-mass LTGs. Furthermore, we find that the bulge-to-disk age and metallicity contrast, as well as the bulge-to-
disk mass ratio, show a positive trend withM?,T, raising from, respectively, ∼0 Gyr, ∼0 dex and 0.25 to ∼3 Gyr, ∼0.3 dex and 0.67
across the mass range covered by our sample. Whereas gas excitation in lower-mass (. 109.7 M) bulges is invariably dominated
by star formation (SF), LINER- and Seyfert-specific emission-line ratios were exclusively documented in high-mass (& 1010 M),
high-Σ? (& 109 M kpc−2) bulges. This is in agreement with previous work and consistent with the notion that the Eddington ratio
or the black hole-to-bulge mass ratio scale with M?. The coexistence of Seyfert and SF activity in ∼20% of higher-M?, high-Σ?
bulges being spectroscopically classified as Composites suggests that the onset of AGN-driven feedback does not necessarily lead to
an abrupt termination of SF in LTG nuclei.
Conclusions. The continuity both in the properties of LTG bulges themselves and in their age and metallicity contrast to their parent
disks suggests that these components evolve alongside in a concurrent process that leads to a continuum of physical and evolutionary
characteristics. Our results are consistent with a picture where bulge growth in LTGs is driven by a superposition of quick-early and
slow-secular processes, the relative importance of which increases with M?,T. These processes, which presumably combine in situ
SF in the bulge and inward migration of material from the disk, are expected to lead to a non-homologous radial growth of Σ? and a
trend for an increasing Sérsic index with increasing galaxy mass.
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1. Introduction
The driving mechanisms and chronology of the buildup of bulges
in late-type galaxies (LTGs) is an issue of key relevance to
our understanding of galaxy evolution. According to our cur-
rent knowledge on bulge demographics in the local universe, a
large fraction of LTGs host pseudo-bulges (PBs; e.g., Gadotti
2009; Fisher & Drory 2011; Fernández Lorenzo et al. 2014) that
substantially differ from classical bulges (CBs) in their spec-
trophotometric and kinematical characteristics. The latter resem-
ble in many respects ’old and dead’ elliptical galaxies, lacking
ongoing star-formation (SF), exhibit a spheroidal shape with in-
wardly steeply increasing surface brightness profiles (SBPs) be-
ing well approximated by the Sérsic (1963) fitting law with a
high (& 3) exponent η, show stellar kinematics dominated by
velocity dispersion (σ?) and obey the Kormendy (1977) scaling
relations for normal elliptical galaxies (Fisher & Drory 2010). It
Article number, page 1 of 24
ar
X
iv
:1
71
2.
05
35
4v
1 
 [a
str
o-
ph
.G
A]
  1
4 D
ec
 20
17
A&A proofs: manuscript no. BredaPapaderos_astroph
is observationally established that CBs contain a super-massive
black hole (SMBH) with a mass M• tightly correlating with their
stellar mass M?,B, σ∗ and optical luminosity (Ho 2008; Kor-
mendy & Ho 2013, see also, Ferrarese & Merritt 2000). Tra-
ditionally, bulges were thought to invariably form early-on via
violent quasi-monolithic gas collapse (Larson 1974) or merg-
ers (Bender, Burstein & Faber 1992; Aguerri et al. 2001; Kesel-
man & Nusser 2012) associated with vigorous nuclear starbursts
(Okamoto 2012), with the disk gradually building up around
them. Whereas this inside-out galaxy formation scenario appears
consistent with important integral characteristics of CBs (e.g.,
their red colors), it does not offer a plausible explanation for the
presence of PBs in present-day LTGs. These generally show on-
going SF, a significant degree of rotational support (Kormendy
& Kennicutt 2004, for a review) and flatter/ellipsoidal shapes
with nearly exponential SBPs (η <∼ 2; e.g., Drory & Fisher 2007;
Fisher & Drory 2010). Even though there is observational evi-
dence that PBs also contain a SMBH (Kormendy, Bender & Cor-
nell 2011; Kormendy & Ho 2013), in some cases revealing itself
as an active galactic nucleus (AGN; e.g., Kotilainen et al. 2016,
see Kormendy & Ho 2013 for a review), these do not follow the
M•-σ∗ correlation for CBs, which appears to be consistent with
a different formation route. Indeed, the prevailing concept on PB
formation is that these entities emerge gradually out of galactic
disks through gentle gas inflow spawning quasi-continuous SF
and the emergence of a central bulge-like luminosity excess at
their centers (e.g., Courteau, de Jong & Broeils 1996; Carollo et
al. 2001; Kormendy & Kennicutt 2004). Besides bar-driven gas
inflow (e.g., Springel & Hernquist 2005), various other mecha-
nisms, such as inward stellar migration, minor mergers with low-
mass satellites, or a purely dynamical re-arrangement of the disk
(Scannapieco et al. 2010; Guedes et al. 2013; Bird, Kazantzidis
& Weinberg 2012; Ros˘kar et al. 2012; Grand et al. 2014; Halle
et al. 2015) have been proposed as further contributors to PB
growth along the Gyr-long secular evolution of LTGs.
These two scenarios, the first one envisaging bulge formation
prior to disks and the second one out of disks obviously yield
antipodal predictions on the bulge age and bulge-to-disk color
contrast, both expected to be high (low) in CBs (PBs). Naively,
one might therefore expect bulges in present-day LTGs to de-
scribe a bimodal age distribution, with each of the two classes
showing a high degree of homogeneity in its spectrophotometric,
chemodynamical and evolutionary properties, echoing two dis-
tinct formation routes. However, the available observational data
contrast the picture of an age bimodality in LTG bulges, suggest-
ing instead a substantial spread, if not smooth transition, in their
properties across their mass and luminosity range. For example,
Wyse et al. (1997), reviewing the subject two decades ago, con-
clude that bulges show a considerable heterogeneity, with merely
higher luminosity ones (CBs) having a closer affinity with Ellip-
ticals and lower luminosity bulges (PBs) with disks.
From the perspective of the monolithic bulge formation scenario,
there is evidently no other option than to interpret PBs as SF-
rejuvenated CBs, and indeed, this proposal has been put forward
in several studies (e.g., Thomas & Davies 2006; Johnston et al.
2012, 2014; Morelli et al. 2012, 2016). For example, Thomas
& Davies (2006) drew this conclusion by reproducing a sub-
set of Lick indices (Hβ, HγA, HδA, [MgFe]′, and <Fe>) for lo-
cal bulges with a two-component evolutionary synthesis (ESS)
model that involves a 15 Gyr old stellar component, which 1-
2 Gyr ago underwent a SF episode producing up to 10-30% of
its total M?. On the basis, of these models and observed cor-
relations between central σ? (aka M?,T) and the luminosity-
weighted age, metallicity and α/Fe ratio, these authors argue that
the smallest bulges are the youngest and have experienced a late
iron enrichment by type Ia SNe.
Intermediate between the ’quick’ (monolithic) and ’slow’ (sec-
ular) bulge formation scenarios above is a set of models en-
visaging the dominant phase of bulge formation to occur in a
prolonged episode of ∼0.3-0.8 Gyr through inward migration
and coalescence of massive (>∼ 108−9 M) SF clumps form-
ing continuously in the disk out of gas instabilities (Noguchi
1999; Bournaud et al. 2007; Carollo et al. 2007; Elmegreen et
al. 2008; Mandelker et al. 2014, 2017). Observational support
for this picture comes from the clumpiness of high-z proto-disks
and the estimated M? of their SF clumps (Förster Schreiber et
al. 2011; Wuyts et al. 2012). Additionally, inflowing inter-clump
gas (e.g., Hopkins et al. 2012; Zolotov et al. 2015) could sus-
tain perpetual rejuvenation of the bulge with in situ SF, which
acts together with stellar migration, minor mergers with dwarf
satellites and other dynamical effects (e.g., Bird, Kazantzidis &
Weinberg 2012; Ros˘kar et al. 2012; Guedes et al. 2013; Grand et
al. 2014; Halle et al. 2015) toward bulge buildup in the ensuing
Gyr of galactic evolution. Depending on the timescales and the
contribution of these different processes, it might be expected
this set of prolonged bulge formation scenarios to yield a range
of stellar ages in present-day LTG bulges.
From the observational point of view, the notion of a correlated
evolution of disk and bulge has been put forward is several stud-
ies, mostly on the basis of photometric investigations of local
LTGs (e.g., Gadotti & dos Anjos 2001; Gadotti 2009). For ex-
ample, early work by Peletier & Balcells (1996) finds that "color
variations from galaxy to galaxy are much larger than color dif-
ferences between disk and bulge in each galaxy", following that
"the underlying old population of disks and bulges is much more
similar" than previously thought. Also, other works find the color
contrast between bulge and disk to be relatively small (e.g., 0.3
g-i mag for isolated galaxies studied in Fernández Lorenzo et
al. 2014) and interpret this as evidence for a correlated evolu-
tion of these components (see also, e.g., Courteau, de Jong &
Broeils 1996; Gadotti & dos Anjos 2001). Similarly, a photo-
metric study by Carollo et al. (2007) finds that the colors of
bulges are correlated with those of the disks in which they are
embedded, suggesting that an early phase in bulge formation
must have been supplemented through "continuing" rejuvena-
tion, and in some cases even that the bulk of the stellar mass in
bulges has assembled more recently than the disk. These authors
also point out that the scaling relations between bulge stellar age
and bulge/galaxy mass hint at similar formation processes for
all components, suggesting that bulges across their entire range
in mass and age result from the internal evolution of the parent
disks. They also show that dynamical friction of massive clumps
in gas-rich disks offers an explanation for the formation of late-
type bulges, especially for those that are older than their sur-
rounding disks, consistently with the picture above. Coming to
our own Milky Way (MW), Ness et al. (2014) demonstrate by
means of N-body & smooth particle hydrodynamics simulations
that the presence of young stars predominantly near the plane is
expected for a bulge that has formed from the disk via dynamical
instabilities, whereas it cannot be accounted for by monolithic
collapse.
The picture of a concomitant evolution of bulge and disk has
also received support from HST imaging studies of MW analogs
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at higher z: van Dokkum et al. (2013), by applying the abundance
matching technique to MW-progenitor candidates out to z = 2.5
point out that there is an absence of high-density "naked bulges"
at z ∼ 2, around which disks subsequently assemble (see also
Patel et al. 2013). These authors also find that MW-like LTGs
have built ∼90% of their present M? since z=2.5 with most of
the SF occurring before z=1. They verify that for 1 < z < 2.5 the
mass in the central 2 kpc of MW progenitors increases by a fac-
tor of 3.2+0.8−0.7, which rules out models in which bulges were fully
assembled first and disks gradually formed around them. In this
context, the question of how the bulge and the disk grew relative
to each other since this early cosmic epoch is of considerable
interest. Margalef-Bentabol et al. (2016) find from HST pho-
tometry of 1495 massive galaxies in the CANDELS field that
two-component (bulge & disk) systems in the redshift interval
1.5 < z < 3 roughly maintain their bulge size whereas their disks
grow by a factor of approximately 3. A subsequent study of such
two-component galaxies in Margalef-Bentabol et al. (2018) finds
that theM? enclosed within the bulge and disk remains nearly
constant over the latter redshift interval. This, and the fact that
the disk shows a higher star formation rate (SFR) than the bulge
led these authors to conclude that about one half of the stellar
mass formed in the disk must have migrated into the bulge, pro-
moting its gradual growth. We note though that evolution of the
bulge-to-disk mass ratio across z remains a subject of investi-
gation. For example. Tacchella et al. (2017) report that galaxies
with M?≤ 1011 M have since z ∼2 on average doubled their
stellar mass throughout their radial extent.
Whereas most lines of evidence point to an interwoven evolu-
tion of bulge and disk, our understanding on how this process
has shaped the heterogeneity of present-day bulges is far from
complete. In fact, neither observations nor theory yield as yet
clear-cut discriminators between CBs and PBs, or even unam-
biguous evidence for an evolutionary dichotomy between both.
From the photometric point of view, it is common practice to
classify bulges by their Sérsic index η, which is assumed to be >
(≤) ∼2 for CBs (PBs). However, this cutoff has no clear physi-
cal foundation (e.g., Gadotti 2012) and essentially rests on sub-
jective considerations. For instance, Fisher & Drory (2010, cf.
their Fig. 7) find that across the bulge sequence there is a sub-
stantial overlap between CBs and PBs, depending on whether
they are selected according to mid-infrared colors or η. Like-
wise, some photometric classification clues for PBs merely rely
on the absence of correlations that are known to apply to CBs:
Fisher & Drory (2010) find that the η of PBs is uncorrelated
with other bulge structural properties, unlike CBs. This is in
agreement with the analysis of Gadotti (2009) who concludes
that CBs follow a correlation between η and bulge-to-total (B/T)
ratio, whereas PBs do not, and they actually occupy on the fun-
damental plane the same locus as disks. In this regard, a pro-
posal made by Gadotti (2009) is that a better separation between
CBs and PBs is possible on the basis of deviations from the Ko-
rmendy (1977) relation rather than on η. On the other hand, this
study has shown that CBs are offset from Ellipticals in the mass-
size relation, suggesting that the former are not simply Ellipti-
cals surrounded by disks. The search for discriminators between
CBs and PBs continues attracting considerable interest, with new
schemes proposed, such as, for example, that by Neumann et al.
(2017), which uses a combination of η, light concentration index
C20,50, the Kormendy (1977) relation and the inner slope of the
radial σ? profile.
As for spectral modeling studies of single-fiber SDSS data, they
find a trend for increasing bulge age and metallicity with increas-
ing M?,T, with CBs (PBs) generally populating the high (low)
range of a broad sequence in mass (e.g., Zhao 2012; Ribeiro et al.
2016). These trends are essentially echoing relations obtained or
corroborated over the past decade from spectral fitting of SDSS
data for large extragalactic probes, as for example, a positive cor-
relation betweenM?,T, gas-phase and stellar metallicity (Zg and
Z?, respectively) and light- and mass-weighted stellar age (〈t?〉L
and 〈t?〉M, respectively) (e.g., Kauffmann et al. 2013; Tremonti
et al. 2004). They are also consistent with the galaxy ’down-
sizing’ picture, reflected in, for example, an anti-correlation be-
tween M?,T with specific star formation rate (sSFR) and 〈t?〉L
for local galaxies (e.g., Brinchmann et al. 2004; Heavens et al.
2004; Gallazzi et al. 2005; Noeske et al. 2007; Asari et al. 2007),
which implies that massive galaxies have experienced the domi-
nant phase of their assembly early on, whereas lower-mass sys-
tems build up their stellar mass over longer timescales. For in-
stance, Gallazzi et al. (2005) find a sequence of increasingM?,T
and 〈t?〉L with increasing light-weighted Z? (〈Z?〉L) and 4000
Å break strength, indicating that low-mass galaxies are typically
younger and less metal-enriched, contrary to massive ones, with
a transition between these two regimes occurring at 3 · 109 <
M?,T (M) < 3 · 1010. It is unclear though whether the absence
of sensitive discriminators between CBs and PBs, despite in-
tense exploration of spectroscopic SDSS data over the past years,
is due to a genuine continuity in the physical and evolutionary
properties (e.g.,M? and 〈t?〉M, respectively) of LTG bulges, or
party because of aperture effects (cf. discussion in, e.g., Gomes
et al. 2016b, and references therein). The latter are unavoidable,
given that the 3′′ fiber of SDSS captures only a small portion
of the bulge for nearby LTGs, whereas it also includes the sur-
rounding disk for more distant ones. In the first case, evolution-
ary characteristics inferred from spectral modeling are represen-
tative for the bulge only as long as age and metallicity gradients
therein are weak, whereas in the second case they could be sys-
tematically biased through the star-forming disk. For the typical
bulge radius of a massive LTG in our sample (∼3 kpc; cf. Ta-
ble C.1) this bias is expected for z ≥ 0.34 (standard cosmology
assumed).
Wide-field integral field spectroscopy (IFS) can in principle
overcome these aperture biases, since it allows for spectroscopic
analysis of the total bulge emission within a photometrically de-
fined radius obtained from SBP decomposition into bulge and
disk. Although recent IFS studies have explored various phys-
ical relations between, for example, Σ?, 〈t?〉L, 〈Z?〉L and SFR
for LTGs as a function of galactocentric radius (e.g., González-
Delgado et al. 2014, 2016; Cano-Díaz et al. 2016; Zibetti et al.
2017), they generally did not incorporate a structural analysis
that would have permitted extraction and spectral modeling of
the total bulge emission within a uniformly defined radius. An
exception to this is the work by Sánchez-Blázquez et al. (2014)
where the bulge extent was estimated from image decomposition
as the radius where the intensity of the bulge equals that of the
disk, to which that study was mainly devoted. The normalization
of radial profiles for various quantities inferred from these IFS
studies to the galaxy effective radius is another possible issue,
since this approach bears the risk of comparing determinations
within the bulge of higher-B/T LTGs with those in the disk of
lower-B/T LTGs (cf. Sect. 2.2.2).
The goal of this study is to explore on the basis of a combined
spectral modeling and surface photometry analysis of a repre-
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sentative sample of local LTGs the connection between physical
and evolutionary properties of bulges (e.g.,M?, Σ? and 〈t?〉M,
respectively) within a uniformly defined isophotal radius that en-
compasses almost their total emission.
It is motivated by the question of whether CBs and PBs are truly
evolutionary distinct, or rather the opposite ends of a contin-
uous sequence reflecting a decreasing relative contribution of
’quick and early’ to ’slow and secular’ processes to the bulge
stellar mass growth. If so, in which manner might the relative
importance of these two processes be imprinted on the evolu-
tionary and chemical properties of bulges in present-day LTGs,
and can it be linked to a semi-empirical indicator that could
ease bulge classification? Another goal of this study is to ex-
plore through standard emission-line diagnostics the connection
between gas excitation mechanisms and evolutionary properties
of LTG bulges in order to gain insights into the occurrence of
accretion-powered activity and its possible regulatory role on
bulge growth.
To address these questions we extracted 135 LTGs from the
CALIFA IFS survey (Sánchez et al. 2012; Sánchez et al. 2016)
which were analyzed using spectral synthesis models and SDSS
surface photometry. In Sect. 2 we describe the sample selection
and the methodology employed for the spectral modeling and
structural analysis of the galaxy sample. Section 3 provides an
overview of the main results from this analysis, with a discus-
sion following in Sect. 4. The conclusions from this study are
summarized in Sect. 5.
2. Data sample and methodology
2.1. Sample selection
The galaxy sample analyzed here was extracted from the 3rd Data
Release of the CALIFA integral field spectroscopy (IFS) sur-
vey (667 galaxies; Sánchez et al. 2016, see http://califa.caha.es),
and comprises 135 non-interacting, nearly face-on local (≤130
Mpc) LTGs, selected for spatially resolved analysis of the phys-
ical and evolutionary properties of their bulge component. Sys-
tems strongly overlapping with bright foreground Galactic stars
or extended background sources, or show signs of recent or on-
going interactions, or other morphological distortions (e.g., polar
rings) were excluded. This is also the case for higher-inclination
(> 40◦) LTGs in order to minimize internal obscuration effects
and disk contamination. The sample may be considered repre-
sentative for LTGs in the local universe, as it spans a range be-
tween –17.8 mag and –22.6 mag in SDSS r absolute magni-
tude Mr (Fig. 1), as determined from integration of SBPs down
to an extinction-corrected surface brightness level 24 mag/2′′,
and covers all late-type morphological types. With regard to the
bulge component, the LTGs under study span a factor ∼250 in
optical luminosity (−20.6 <∼ Mr (mag) <∼ −14.6) and 3 dex in
M? (108.3 – 1011.3 M; cf. Table C.1 and Fig. 6).
2.2. Data analysis
The methodology adopted in this study combines spatially re-
solved modeling of IFS data with two further elements. The first
one is the structural analysis of SDSS r band images in order
Fig. 1. Distribution of extinction-corrected total absolute magnitudes in
the SDSS r for the analyzed sample of 135 LTGs.
to obtain a uniformly defined and largely model-independent
isophotal radius for the bulge, within which physical and evolu-
tionary quantities from spectral synthesis were subsequently an-
alyzed. This ensures a homogeneous extraction and spectral fit-
ting of nearly the total bulge emission, free of aperture biases that
are inherent to single-fiber spectroscopy. The second novel ele-
ment of our study is the spaxel-by-spaxel post-processing of the
spectral synthesis output with the code REMOVEYOUNG (RY;
Gomes & Papaderos 2016) with the goal of a quantitative study
of the contribution of stellar populations forming over the past
9 Gyr (∼2/3 of the age of the Universe) to the optical surface
brightness (µ) and Σ? of the bulge and disk. The insights gained
from this computationally expensive task, which is performed
for the first time on a large set of IFS data here, will be discussed
in detail in a forthcoming article.
This pilot analysis revolves around <δµ9G>, a new distance-
independent and, formally, also extinction-independent quantity
obtained with RY, which, as we discuss next, offers a semi-
empirical tracer of the physical and evolutionary properties of
LTG bulges and possibly a convenient means for their classifica-
tion.
2.2.1. Determination of the bulge radius
The bulge radius RB was determined at an extinction-corrected
surface brightness level µlim of 24 mag/2′′ by fitting a Sérsic
model to the interactively selected central luminosity excess of
SDSS r SBPs with our surface photometry code iFit (Breda et
al., in prep.). Additionally, a full image decomposition into bulge
and disk, and whenever necessary a bar, was carried out with iFit,
IMFIT (Erwin 2015) and GALFIT (Peng et al. 2010) in order
to estimate the dependence of RB on different codes and profile
fitting schemes (see Fig. 2 for an illustrative example). The lat-
ter approach was found to yield a reduction of the radius of the
bulge by on average 8%, thereby leading to only small differ-
ences (<∼10%) in the quantities inferred for it from spectral mod-
eling (cf. Sect. 2.2.2), as compared to those within the RB from
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single Sérsic fits. Given the mean bulge diameter of 12′′.2±4′′ in
our sample, and based on simulations, it was found that profile
smearing with the typical point spread function (PSF) of SDSS
r band data (∼1′′.3) has a negligible effect on RB determinations.
Fig. 2. Illustrative example of the decomposition with iFit of the SDSS
r-band SBP of the LTG NGC 0776 (cf. Fig. 5) into bulge, bar and disk
(red, magenta and blue, respectively). The bulge and bar are approxi-
mated by a Sérsic model, and the down-bending (type ii) disk by a pure
exponential fitted to intermediate radii (1≤ R?/Reff ≤ 2.1, where Reff
denotes the radius enclosing 50% of the total galaxy luminosity). The
thick-orange curve shows a single Sérsic fit to the central luminosity
excess owing to the bulge. It can be seen that its isophotal radius RB at
µ = 24 mag/2′′ (dashed-dotted vertical line) determined from a single-
Sérsic model closely matches the one read off the figure for the case of
full bulge-bar-disk decomposition.
In the following analysis, we refrain from a preliminary photo-
metric subdivision of LTG bulges into CBs and PBs on the basis
of the Sérsic index η, given its unclear physical meaning (cf.
Sect. 1). This is also because the best-fitting Sérsic model pa-
rameters are sensitive to the details of the SBP decomposition,
in particular on the modeling and subtraction of the underlying
disk (e.g., Papaderos et al. 1996a; Noeske et al. 2003), and even-
tually the bar (Méndez-Abreu et al. 2008; Breda 2014). This is
illustrated on the example of NGC 0776 (Fig. 2): it can be seen
that automated fitting of a pure exponential to the down-bending
(type ii) profile of the disk would overestimate its central sur-
face brightness and underestimate its scale length α. This would
then lead to an underestimation of the excess emission from the
bulge, and a false determination of its total magnitude, isopho-
tal radius and Sérsic parameters. A meaningful approach in this
case would be, either to model the disk with a modified expo-
nential distribution (for example, the fitting function proposed in
Papaderos et al. 1996a), or to interactively select and fit the inner
exponential part of the disk (1 ≤ R?/Reff≤2.1), as was done here
(light-blue line in Fig. 2). Another salient feature of the SBP of
NGC 0776 is a weak bump at 20 <∼ µ (r mag/2′′) <∼21 that re-
flects the emission from a bar, being well visible on the SDSS
true-color image composite (lower-left panel of Fig. 5); its ne-
glect in 1D/2D decomposition could systematically impact Sér-
sic fits to the excess emission above the disk (open blue crosses),
which encompasses the more extended lower-surface brightness
(LSB) "wings" from the bar. As pointed out in Breda (2014), this
could lead to an overestimation of η and possibly move a PB into
the locus of CBs, eventually also increase the scatter in any rela-
tion between η and other galaxy parameters (for example, bulge
σ?, Mr, or mean surface brightness). With these considerations
in mind, and to ensure that the evolutionary and spectroscopic
properties of bulges (cf. Sect. 2.2.2 and 2.3, respectively) are ob-
tained within a radius based on a uniform, clear-cut definition
and without strong prior assumptions on the photometric struc-
ture of LTGs, we took the simpler approach of determining RB
from fitting a single Sérsic model to the central luminosity peak
of the bulge upon visual inspection of the morphology and g–i
color maps of our LTG sample.
2.2.2. Spectral modeling of CALIFA IFS data
Spectral modeling of low resolution (λ/∆λ ∼ 6.5 at ∼5000 Å)
CALIFA IFS data taken with the Potsdam Multi-Aperture Spec-
trometer (PMAS; Roth et al. 2005) in its PPaK mode (Verhei-
jen et al. 2004; Kelz et al. 2006) with the V500 grating, and
reduced as described in García-Benito et al. (2015, and refer-
ences therein) was carried out with our pipeline PORTO3D (Pa-
paderos et al. 2013; Gomes et al. 2016a, for details). Spectral
fits were computed with the population spectral synthesis (PSS)
code STARLIGHT (Cid Fernandes et al. 2005) in the spectral
range between 4000 Å and 6800 Å using a library of 152 sim-
ple stellar population (SSP) spectra. This library (hereafter Z4)
comprises SSPs from Bruzual & Charlot (2003) for 38 ages be-
tween 1 Myr and 13 Gyr for four stellar metallicities (0.05, 0.2,
0.4 and 1.0 Z), referring to a Salpeter initial mass function and
Padova 2000 tracks. In order to evaluate the robustness of the
results, the PSS modeling was repeated for a subset of the data
using combined V500 and V1200 (COMB)1 CALIFA data cov-
ering the spectral range between 3700 Å and 7300 Å. These runs
yielded differences of <∼ 0.2 dex inM?, that is within the typi-
cal uncertainties expected from PSS modeling with STARLIGHT
(Cid Fernandes et al. 2014).
Additionally, the spaxel-by-spaxel modeling was repeated in the
spectral range between 3900 Å and 6900 Å with a SSP library
that is identical to Z4 in terms of age coverage except for being
supplemented by SSPs with a metallicity of 1.5 Z (hereafter
Z5; 190 elements). A comparison of the results obtained with
the Z5 and Z4 SSP base has shown that the global trends between
<δµ9G> and other quantities considered in this study (stellar mass,
surface density, age and metallicity; cf. Fig. 6) remain unaltered
albeit systematic differences between individual determinations,
which presumably reflect the age-metallicity degeneracy (AMD;
Worthey et al. 1994). As expected, the Z5-based analysis yields
a super-solar metallicity (up to ∼1.5 Z) for high-M? bulges at a
simultaneous reduction (by up to ∼2 Gyr) of 〈t?〉M, whereby dif-
ferences inM? and Σ? typically do not exceed 0.2-0.3 dex. As
for <δµ9G> (Sect. 2.2.3) the difference between Z5- and Z4-based
determinations is rather small (±0.5 mag) yet systematic, with a
weak tendency for a decrease of <δµ9G> in high-M? bulges and
vice versa. Notwithstanding this fact, the overall robustness of
<δµ9G> and of its correlation with other properties, despite the
notorious AMD, is reassuring and underscores its significant po-
tential as a handy proxy of the physical and evolutionary charac-
teristics of LTG bulges.
1 We note that CALIFA DR3 provides COMB data for 97 galaxies
from our sample
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Whereas the main results from the Z5-based analysis are sup-
plied in the Appendix (Fig. B.1) for the disposal of the reader
and the sake of completeness, we adopt in the following the
determinations based on the Z4 SSP library. Even though this
choice might entail a potential saturation of 〈Z?〉M at Z, it may
be expected that, in the presence of the AMD, a narrowing-
down of the SSP metallicity space has the advantage of tighter
estimates on 〈t?〉M, which is the main focus of this study.
Aside from that, it might be conjectured that the occupancy of
the full available metallicity space in Z5 fits is partly driven
by the mathematical/numerical foundation of state-of-the-art
PSS codes, thus in itself no compelling evidence for a signifi-
cantly over-solar mass-weighted stellar metallicity. For instance,
whereas the light-weighted 〈Z?〉L reflects the young and pre-
sumably more metal-enriched stellar component (in agreement
with super-solar determinations for massive galaxy spheroids
from, for example, luminosity-weighted Lick indices), the mass-
weighted 〈Z?〉M primarily reflects the older, high mass-to-light
ratio stellar component that likely has had less time for its chem-
ical self-enrichment. An inequality 〈Z?〉M≤ 〈Z?〉L appears there-
fore conceivable from the evolutionary point of view. More gen-
erally, it should be kept in mind that the AMD and other poten-
tial sources of degeneracy (e.g., between metallicity and σ?, cf.
Koleva et al. 2008) within the complex topology of non-linearly
coupled parameters in current PSS models have not been fully
addressed so far, which makes a conservative limitation of the
Z? parameter space an admissible option.
Fig. 3. Radial profiles for various quantities obtained for NGC 0776
with the isan technique and auxiliary codes for spline interpolation and
statistical analysis. From top to bottom the panels show: i) a logarithmic
representation of the stellar surface density Σ? in M/kpc2, ii&iii) the
mass- and light-weighted stellar age (〈t?〉M and 〈t?〉L, respectively) in
Gyr, iv&v) the mass- and light-weighted stellar metallicity (〈Z?〉M and
〈Z?〉L, respectively) in Z, and vi) the enclosed present-day stellar mass
M? as a function of the photometric radius R? normalized to the effec-
tive radius Reff . The bulge radius RB is depicted by the vertical dashed
line.
PORTO3D computes several quantities of interest, including the
present-day and ever formedM? (M), 〈t?〉M (Gyr) and metal-
licity 〈Z?〉M (Z), and their luminosity-weighted values (〈t?〉L
and 〈Z?〉L), the stellar surface density Σ? (M/kpc2), the time
t1/2 when 50% of the present-day M? was in place, the light
and mass-fraction of stellar populations younger than 0.1, 1 and
5 Gyr, as well as emission-line fluxes and equivalent widths
(EWs), and stellar and ionized-gas velocity maps (see Gomes
et al. 2016a, for details). Here we limit the discussion to mass-
weighted values, since they are robust against young (<∼0.1 Gyr)
stellar populations that typically dominate the light despite their
very lowM? fraction.
Spatially resolved maps of the aforementioned quantities were
in turn converted into radial profiles using an adaptation of
the isophotal annuli (isan) surface photometry technique by Pa-
paderos et al. (2002). The key feature of this method (e.g.,
Kehrig et al. 2012; Papaderos et al. 2013; Gomes et al. 2016a)
consists in the computation of statistics within logarithmically
equidistant isophotal zones defined from a reference image –
in this case, the emission-line-free pseudo-continuum between
6390 Å and 6490 Å, segmented into 18 isophotal zones. The lat-
ter closely trace the galaxy morphology at all surface brightness
levels, without the prior assumptions on galaxy structure com-
monly made in 1D/2D surface photometry techniques (approx-
imation of a galaxy as due to superposition of axis-symmetric
components, or profile derivation within elliptical annuli with
constant ellipticity and position angle), this way permitting accu-
rate determination of SBPs and color profiles for irregular galax-
ies (see also, e.g., Noeske et al. 2003). Figure 3 shows an exam-
ple of radial profiles, after normalization2 to Reff .
In turn, isan determinations were spline-interpolated to a finer ra-
dius step to ensure that average values within RB are not biased
toward a group of data points that are eventually densely spaced
in radius. The bulge mean stellar age 〈t?,B〉M and metallicity
〈Z?,B〉M were obtained as the arithmetic mean of these values,
and the present-day stellar mass M?,B of the bulge was computed
by integrating Σ? profiles out to RB. Additionally, mean values
for the bulge were computed by performing statistics directly on
2D maps within the isophote corresponding to RB, finding over-
all a satisfactory agreement with the previous determinations.
Even though all quantities above are weighted by M?, being
therefore relatively insensitive to the luminosity contribution by
the star-forming disk, the fact that RB extends in some cases
(e.g., NGC 0776 in Fig. 2) far into the latter, and the bulge line-
of-sight contribution sharply decreases beyond the bulge Reff ,
calls for an evaluation of a possible contamination by the disk.
A correction for the latter would in principle be possible, if its
properties (Σ?, 〈t?〉M and 〈Z?〉M) beneath the bulge could be
constrained with sufficient accuracy, or at least coarsely from
their estimated luminosity fraction within RB, or using hybrid
2 We note that the normalization of radial profiles in Fig. 3 to
rn =R?/Reff is for the sake of illustration only. Such a normalization
is omitted in the forthcoming discussion because it could bias studies of
the metallicity and star formation history (SFH) of the bulge and disk
component of LTGs. This is because rn is coupled with the B/T ratio:
for instance, from Fig. 8 of Papaderos et al. (2006) it follows that the
Reff of a bulgeless LTG corresponds to 1.7 exponential scale lengths
α of the disk, whereas in a bulge dominated LTG with a B/T=3/4 the
Reff shrinks to ∼0.5α. Therefore, stacking or inter-comparison of rn-
normalized profiles in an attempt to systematize radial trends in, for ex-
ample, age, SFR and specific SFR (sSFR) in the bulge and disk of LTGs
can lead to averaging of determinations within the bulge component of
higher-B/T LTGs with those in the disk component of lower-B/T LTGs.
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spectro-photometric decomposition techniques (e.g., Johnston et
al. 2017). These approaches, however, rely by necessity on sim-
plifying assumptions on the photometric structure of LTGs, the
most important of which being that the disk preserves its ex-
ponential slope at R? > RB all the way to its center, and has
throughout a zero radial gradient in age, mass-to-light ratio and
metallicity. As these assumptions are controversial or incompat-
ible to observations (e.g., Papaderos et al. 1996a; Noeske et al.
2003; Sánchez-Blázquez et al. 2014; Tissera et al. 2016), no at-
tempt was made for a spectrophotometric disk subtraction, con-
sistently with the approach taken in the photometric analysis
(Sect. 2.2.1). However, a series of tests made within the central
portion (R?≤3′′.3) of bulges, where contamination by the disk
is minimal, has shown that mass-weighted quantities inferred
therein are in good agreement with those within RB (cf. Fig. A.1
in Sect. A). This indicates that the luminosity contribution by the
star-forming disk does not appreciably impact determinations of
〈t?,B〉M and 〈Z?,B〉M in Fig. 6.
2.2.3. Post-processing of the spectral synthesis output
with REMOVEYOUNG
REMOVEYOUNG (RY; Gomes & Papaderos 2016) is a tool in-
tended to the post-processing of the population vector (PV; i.e.,
the best-fitting combination of fractional contributions of indi-
vidual SSPs to the galaxy mass) obtained by modeling a spec-
trum with a PSS code (e.g., STARLIGHT in this case). RY per-
mits removal from a PV of the contribution from SSPs younger
than an adjustable age cutoff tcut and computation of the spec-
trum, magnitudes in different filters (e.g., SDSS u, g, r, i, z) and
stellar mass of the residual older stellar component. In particu-
lar, spaxel-by-spaxel application of RY to the spectral synthesis
output from PORTO3D allows to strip off IFS data cubes from,
for example, the young ionizing stellar component (tcut ∼ 30
Myr) and produce synthetic images of the underlying older stel-
lar background in various photometric bands (RY convolves the
residual spectral energy distribution (SED) with the filter trans-
mission functions). In the framework of this study, RY was ap-
plied spaxel-by-spaxel to the LTG sample for eight tcut values
(0.03, 0.1, 0.3, 1, 3, 5, 7 and 9 Gyr). The µ and Σ? maps from
RY were in turn converted into 1D radial profiles as described
in Sect. 2.2.2.
Figure 5 illustrates the application of RY on three LTGs
from our sample. The synthetic r band SBPs for the eight
adopted age cutoffs are shown color coded. SBPs labeled "r
SDSS" were obtained for a tcut = 0 Gyr, that is, through
convolution of the observed IFS data cubes with the SDSS
r band transmission curve. For comparison, we overlay the r
band SBPs computed directly from SDSS images (light-gray
curves labeled "OBS r SDSS"), which due to their better res-
olution (FWHM∼1′′.3 as compared to ∼2′′.6 for CALIFA IFS
data) better trace the central luminosity peak of the bulge.
It can be seen that whereas all three LTGs show a strong sur-
face brightness dimming with increasing tcut in their disks, this
is not necessarily the case for their bulge component (vertical
gray line). For example, suppression of stellar population of a
successively higher age results in a roughly uniform dimming
both in the disk and bulge of IC 0776, whereas it has practically
no effect on the bulge surface brightness of NGC 0776.
Fig. 4. Comparison of diagnostic emission-line ratios after Baldwin,
Phillips & Terlevich (1981), as obtained within a 3′′ aperture (small
circles; method a), connected by dotted lines with determinations from
method b (mean ratios within RB from radial [OIII]/Hβ and [NII]/Hα
profiles; big circles). Data based on method c (luminosity-weighted
determinations using integral [OIII]5007, Hβ, [NII]6584 and Hα line
fluxes within RB) and error bars are omitted for the sake of better vis-
ibility. The loci of Seyfert, LINERs and Composites, and that corre-
sponding to photoionization by SF are demarcated following Kauff-
mann et al. (2003b, dashed-dotted curve), Kewley et al. (2001, solid
curve) and Schawinski et al. (2007, dashed line).
Based on the output from RY, we computed the difference
µ0 Gyr − µ9 Gyr where µ0 Gyr and µ9 Gyr denote, respectively, the
synthetic r-band SBP of each LTG for a tcut of 0 Gyr and 9 Gyr.
The arithmetic average of this profile within RB is referred to
in the following as <δµ9G> (mag). For instance, a <δµ9G>=0
mag corresponds to the case where stellar populations with age
≥9 Gyr entirely dominate the r-band surface brightness within
RB, whereas a <δµ9G> of –2.5 mag translates into a contribution
of 10% by this old stellar component. Even though a correla-
tion between <δµ9G> and broadband colors appears plausible, it
should be born in mind that these two quantities have a different
definition, and the former (as well as any other quantity compar-
ing µ for two different tcut’s, for example, 0.3 and 1 Gyr) yields
a stronger age diagnostic, since, at variance to colors, in princi-
ple permits complete suppression of stellar populations younger
than a given age. As we shall argue next, <δµ9G>, introduced and
analyzed for the first time here, offers a simple, distance- and
formally extinction-independent proxy to the evolutionary and
physical properties of LTG bulges 3.
3 We note that the stellar extinction in the bulge component of our
LTG sample is relatively low, with a mean value of AV = 0.3 ± 0.18
mag. <δµ9G> can be readily obtained by post-processing a PSS fit to any
spectroscopic data set (e.g., single-fiber spectroscopy from the SDSS
and GAMA surveys) with the publicly available version of RY (cf.
www.iastro.pt/research/tools/RemoveYoung.html).
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2.3. Spectroscopic classification of LTG bulges
Another aim of this study is the exploration of gas excitation
mechanisms in LTG bulges across their relevant range in M?
and Σ? using a combination of methods that allow to quan-
tify aperture biases in luminosity-weighted emission-line ratios.
To this end, emission-line maps were determined by PORTO3D
through spaxel-by-spaxel subtraction of the best-fitting stellar
model from the input spectrum. The flux of the four emis-
sion lines ([OIII]5007, Hβ, [NII]6584 and Hα) used for spectro-
scopic classification after Baldwin, Phillips & Terlevich (1981,
hereafter BPT) were then determined from stellar continuum-
subtracted maps. An accurate starlight subtraction is crucial to
the spectroscopic classification, inter alia because in areas with
weak nebular emission, hydrogen Balmer lines embedded within
broader stellar absorption profiles are eventually strongly under-
estimated when measured with standard line fitting techniques.
As pointed out in Petropoulou et al. (2011), this could in turn
artificially increase the [OIII]/Hβ ratio, moving a source upward
on BPT diagrams and eventually prompting its erroneous classi-
fication as a Seyfert.
BPT ratios for our LTG bulges were determined with three dif-
ferent methods. The first one (method a) simulates SDSS mea-
surements within a 3′′ aperture centered on the maximum of the
emission-line-free pseudo-continuum maps. This aperture diam-
eter yields a good match to the angular resolution of CALIFA
data and is generally much smaller than RB (cf. Sect. 2.2.2 &
Sect. A), thereby minimizing dilution of possible spectroscopic
signatures from an Active Galactic Nucleus (AGN) by circum-
nuclear SF. Additionally, BPT ratios were determined by averag-
ing out to RB spline-interpolated [OIII]/Hβ and [NII]/Hα ratios
within isan (method b), as well as from the integrated [OIII]5007,
Hβ, [NII]6584 and Hα line fluxes within RB (method c). Whereas
determinations with method a are most sensitive to a central
AGN, the contrary is the case for the area-weighted BPT ra-
tios from method b. This is because the latter are only weakly
dependent on the luminosity contribution from a bright central
point source, which, even if dominating the total nebular lumi-
nosity within the bulge, would affect radial log [OIII]/Hβ and
log [NII]/Hα profiles only locally (out to R?∼FWHM), thereby
having little influence on their mean value within RB. Method
c, on the other hand, yields purely luminosity-weighted BPT ra-
tios within RB and simulates the (idealized) situation where the
SDSS fiber precisely matches the isophotal bulge diameter of a
LTG.
Differences between method b and c were found to be generally
small (<∼0.3 dex) and in most cases compatible to those obtained
with method a, therefore not globally altering the spectroscopic
classification of the analyzed bulges, in particular for sources
classified as SF. However, as apparent from the upper-right part
of Fig. 4, there is a tendency for method b (large circles) to move
determinations within a 3′′ aperture (method a, small circles)
from the locus of LINERs (Heckman 1980) and Seyferts into
the locus of Composites.
This trend, which can be attributed to dilution of central
AGN/LINER emission by circumnuclear SF, is in accord with
the conjecture by Gomes et al. (2016b) that the upper-right
"wing" delineated by SDSS galaxies on the BPT diagram is
partly due to aperture effects and consistent with an inside-out
galaxy formation (or, SF quenching) scenario. It is also interest-
ing in this context that Iglésias-Páramo et al. (2016) document
from analysis of CALIFA IFS data that integrated [OIII]/Hβ and
[NII]/Hα ratios for local LTGs can differ from single-fiber SDSS
determinations by up to ∼0.3 dex.
It is worth noting that, whereas Seyfert or Composite BPT ra-
tios imply that an AGN dominates or substantially contributes
to the gas excitation, the role of accretion-powered nuclear ac-
tivity in bulges classified as LINERs is less clear. Tradition-
ally, LINER emission-line ratios in massive, high-Σ? spheroids
(early-type galaxies and bulges) were ascribed to a diffuse floor
of photoionization powered by the hard radiation field from hot
evolved (≥ 108 yr) post-asymptotic giant branch (pAGB) stars
(e.g., Trinchieri & di Serego Alighieri 1991; Binette et al. 1994;
Macchetto et al. 1996; Stasin´ska et al. 2008; Cid Fernandes et al.
2010, 2011; Sarzi et al. 2010; Yan & Blanton 2012). However,
the pAGB photoionization hypothesis is valid only as long as
the observed EW(Hα)obs does not exceed ∼3 Å, since this is
the maximal, nearly metallicity-independent value predicted by
zero-dimensional (0D) ESS models for an old, instantaneously
formed stellar population, provided that case B recombination
applies (e.g., Cid Fernandes et al. 2011; Gomes et al. 2016a).
More specifically, as pointed out in Papaderos et al. (2013, here-
after P13), whereas an EW(Hα)obs ≤ 3 Å is a necessary condi-
tion for the pAGB photoionization hypothesis to be tenable, it is
in itself no compelling evidence against an AGN4.
Other interpretations for the origin of LINER emission involve
fast shocks (e.g., Dopita & Sutherland 1995; Allen et al. 2008)
and gas excitation by a radiatively inefficient low-luminosity
AGN (e.g., Ho 1999). P13 argue that even a strong AGN can
not be ruled out in the LINER nuclei of many early-type galax-
ies (ETGs). This is because the Lyman continuum (Lyc) photon
escape fraction in the centers of these systems can reach val-
ues >∼0.9, which implies that the bulk of ionizing radiation from
a putative AGN escapes without being locally reprocessed into
nebular emission. Lyc photon escape, in conjunction with the
EW dilution effect provides therefore an ansatz for understand-
ing why many ETGs with clear evidence for a prodigious ener-
getic output from an AGN (e.g., radio- and even X-ray jets, as
in the case of the LINER ETG M87 in the Virgo galaxy cluster)
show weak, if any at all, nebular line emission. As conjectured
in P13, the typically LINER BPT ratios in these massive galaxy
spheroids may witness a situation where tenuous gas – permit-
ting due to its very low density a high Lyc escape fraction – is
exposed to the hard radiation field from an AGN and the diffuse
post-AGB component. Indeed, the Lyc escape fraction is anti-
correlated with EW(Hα) (cf. their Fig. 2) and invariably exceeds
0.5 in LINER ETG nuclei. Evidently, the same association be-
tween LINER emission and extensive Lyc photon escape from
a virtually gas-evacuated high-Σ? stellar spheroid is also con-
ceivable for massive LTG bulges hosting an AGN. On the basis
of such considerations we do not exclude in the discussion in
4 This is because in a triaxial geometry, dilution of the intrinsic (nu-
clear) EW(Hα)nuc by the stellar background along the line of sight im-
plies an EW(Hα)nuc ≥ EW(Hα)obs, with equality between these quanti-
ties representing a special case. Actually, the spatial anti-correlation be-
tween emission-line EWs and Σ? observed in many star-forming galax-
ies nicely illustrates this effect (Papaderos et al. 2002), and together
with the considerations above calls attention to the fact that interpreting
projected observables and byproducts thereof (e.g., colors, EWs, Lick
indices and ages, SFHs, metallicity enrichment histories, respectively)
using predictions from standard 0D evolutionary synthesis models is not
a straight forward task.
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Sect. 4 that LTG bulges falling in the LINER locus of BPT dia-
grams could host significant accretion-powered nuclear activity.
3. Results
In this section we provide an overview of the main results ob-
tained, laying emphasis on the relation between <δµ9G> and the
evolutionary and physical characteristics of LTG bulges in our
sample. Additionally, we examine the variation of the bulge-to-
disk age and metallicity contrast as a function of LTG mass, as
well as the variation of the dominant gas excitation mechanisms
along the bulge mass and age sequence.
3.1. Physical and evolutionary properties of LTG bulges
vs. <δµ9G>
Figure 5 illustrates three characteristic snapshots along a se-
quence of increasing galaxy M? and bulge <δµ9G>: whereas
all three LTGs shown display a significant (>1.5 mag) surface
brightness dimming with increasing tcut in the disk (R?≥ RB),
implying its continued growth over the past 9 Gyr, their bulge
<δµ9G> spans a broad range between ∼0 mag and ∼–4 mag,
which translates, respectively, into a r-band luminosity fraction
between ∼0% and ∼97% by stars younger than 9 Gyr.
A salient feature of almost bulgeless LTGs (e.g., IC 0776) with a
<δµ9G> ≤ –1.5 mag (hereafter, <δµ9G> interval iA; 34 galaxies)
is a roughly uniform dimming in µ with increasing tcut both in
the bulge and the disk, which is consistent with a nearly homol-
ogous growth of Σ? throughout the galaxy’s extent. To the con-
trary, systems like NGC 0776 (<δµ9G> ≥ –0.5 mag; interval iC:
43 galaxies) show strong recent evolution only in their disks,
whereas their <δµ9G> documents a dominant old stellar popula-
tion in the bulge with no appreciable SF occurring therein over
the past 9 Gyr. As for LTGs in the intermediate range of <δµ9G>
(–1.5 mag to –0.5 mag; subset iB: 58 galaxies; e.g., NGC 0001),
spectral modeling points to a significant contribution from stars
younger than 9 Gyr to the bulge luminosity.
A question next is, how the physical and evolutionary properties
of LTG bulges may vary across these three tentatively defined
intervals in <δµ9G>.
A synopsis of the main results obtained for our sample is given
in Fig. 6 (see also Table 1). Panel a reveals a nearly linear rela-
tion between <δµ9G> and mass-weighted stellar age 〈t?,B〉M for
the bulge, with the transition from interval iA (blue dots) to in-
terval iB (green dots) occurring at 〈t?,B〉M∼ 9 Gyr, and bulges in
the interval iC (red dots) populating the upper-right part of the
diagram (〈t?,B〉M>∼ 11 Gyr). These comparisons show that bulges
have a large range in SSP-equivalent ages from ∼2 to 13.5 Gyr
(cf. e.g., Peletier et al. 2007; Moorthy & Holtzman 2006) and
metallicities.
The tight trend between age and <δµ9G> in this panel can be
approximated 5 by the relation 〈t?,B〉M (Gyr) = (12.14±0.06) +
(2.05±0.04) · <δµ9G> (solid line).
Panel b shows that the age of LTG bulges (Gyr) roughly scales
with the logarithm of their stellar mass (M) as 〈t?,B〉M =
(2.30±0.11)· logM?,B - (13.44±1.13). This implies that old (≥11
Gyr) bulges in the <δµ9G> interval iC are by ∼2 orders of mag-
nitude more massive than bulges falling in the <δµ9G> interval
iA. The mean age of the latter was determined to be 6.82±1.06
Gyr, nearly 5 Gyr lower than that of bulges in the interval iC
(10.7±0.4 Gyr), with bulges in the interval iB having an aver-
age age of 9.80±0.7 Gyr. As apparent from panels d&e, massive
old bulges (iC) are the most metal enriched and show the highest
Σ?,B, which in all cases exceeds 109 M kpc−2 and reaches up
to ∼ 6 × 109 M kpc−2, whereby the bulge stellar surface den-
sity scales as log Σ?,B= (4.96±0.23) + (0.42±0.02)· logM?,B and
log Σ?,B= (7.63±0.09) + (0.16±0.01)·〈t?,B〉M.
From the combined evidence of panels a, b and e, a trend between
<δµ9G> with bulge mass and surface density is to be expected.
Indeed, linear fits to the data yield tight relations of the form
logM?,B= (10.87±0.06) + (0.67±0.04)·<δµ9G> and log Σ?,B=
(9.56±0.03) + (0.32±0.02)·<δµ9G>, suggesting that <δµ9G> offers
a useful semi-empirical proxy to the evolutionary and physical
properties of LTG bulges.
Finally, within the considered range of stellar metallicities
(Z/20 – Z), linear fits to 〈Z?,B〉M (panel d) yield the rela-
tions 〈Z?,B〉M (Z) = (0.23±0.01)· logM?,B – (1.60±0.11) and
〈Z?,B〉M (Z) = (0.28±0.02)· logM?,T – (2.37±0.15).
It is interesting to note that the age and metallicity of the disk
(R?≥RB) follow similar relations with total stellar mass M?,T
(M), as 〈t?,D〉M = (1.88±0.12)· logM?,T – (11.85±1.32) and
〈Z?,D〉M (Z) = (0.20±0.02)· logM?,T – (1.55±0.16).
Another issue of interest concerns the contribution of the
bulge to the total LTG mass M?,T. Panel c shows that
more massive bulges are hosted by more massive (and lu-
minous) LTGs, following a relation logM?,B= (1.22±0.02)
logM?,T – (2.87±0.25), or, equivalently, M?,B/M?,T =
(0.13±0.02)·logM?,T – (1.12±0.17). The obtained relation
(solid line) implies that bulges in the <δµ9G> interval iC con-
tain on average ∼40% of the total stellar mass of a LTG, twice
the mass fraction determined for bulges falling in the interval iA.
5 Linear fits in this section and in Sect. B were computed through χ2
minimization for both quantities considered, given that none of them
is strictly independent. Table B.1 in the Appendix additionally lists the
coefficients from regression analysis minimizing χ2 along the abscissa
only.
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Fig. 5. SDSS true-color images and SBPs (left- and right-side panel,
respectively) for three LTGs illustrating the prominence of the bulge
relatively to the disk for the three <δµ9G> intervals tentatively defined in
Sect. 3: IC 0776 (logM?,T= 9.58; interval iA), NGC 0001 (logM?,T=
10.99; interval iB) and NGC 0776 (logM?,T= 11.09; interval iC). Syn-
thetic SBPs computed through convolution of the observed IFS data
with the SDSS r-band filter transmission curve are shown in black, and
those after removal with RY of stellar populations younger than 0.03,
0.1, 0.3, 1, 3, 5, 7 and 9 Gyr with the color coding in the upper-right
panel. Thick-gray curves depict r-band SBPs computed from SDSS im-
ages and used for fitting a Sérsic model to infer the bulge radius RB
(dashed vertical lines). The circles overlaid with SDSS images depict
the bulge diameter.
3.2. Gas excitation mechanisms vs. bulge <δµ9G>
The importance of various gas excitation mechanisms in the
three <δµ9G> intervals is examined in panel i, on the basis of BPT
diagnostics within simulated 3′′ SDSS apertures (method a in
Sect. 2.3). It can be seen that accretion-powered nuclear activity
(reflected in Seyfert- and eventually also LINER-specific BPT
line ratios) does not manifest itself uniformly along the bulge
<δµ9G> vs.M?,B – Σ?,B – 〈t?,B〉M sequence, but is confined to the
<δµ9G> interval iB–iC. Whereas this is consistent with the previ-
ously reported scarcity of Seyfert activity in intermediate-to-low
luminosity bulges that are commonly associated with PBs (Ko-
rmendy & Ho 2013, for a review), an insight from this panel is
the association between physical and evolutionary properties of
bulges with their activity status: lowerM?,B and Σ?,B iA bulges
fall almost exclusively in the locus of SF, whereas higher-mass
(>∼ 1010 M), higher-Σ?,B (>∼ 109 M kpc−2) iC bulges show in
their majority Seyfert- and LINER-typical BPT ratios.
Quantitatively, ∼93% (38/41) of the bulges classified as Seyfert
and LINER in our sample fall within the gray-shaded quadrant in
panel e that depicts the area (logM?,B;log Σ?,B) ≥ (10;9). Of the
76 LTG bulges in this locus of the diagram, 16 are classified as
Composite, reflecting gas excitation by a mixture of accretion-
powered and SF activity. As already mentioned in Sect. 2.3,
the proportion among different spectroscopic classes does not
drastically change when area-weighted determinations within
RB (method b) are considered instead. These yield within the
gray-shaded quadrant a proportion 23:11:22:20 between Seyfert,
LINER, Composite and SF, lending further support to the con-
clusion that accretion-powered nuclear activity is primarily as-
sociated with old, high-M?,B and high-Σ?,B bulges in the upper
range of the <δµ9G> sequence.
3.3. Bulge-to-disk age and metallicity contrast
A comparative study of the evolutionary properties of bulges rel-
ative to those of their hosting disks may add further insights into
the bulge growth process. In this regard, it is noteworthy that all
bulges in our sample contain a non-negligible mass fraction m9
(%) of stars older than 9 Gyr, with average values of 21±0.10,
59±0.15 and 85±0.07 in the <δµ9G> intervals iA, iB and iC, respec-
tively. The respective m9 determinations for the disk (24±0.09,
36±0.08 and 49±0.11) suggest that the oldest bulges are hosted
by the oldest disks, and vice versa.
Indeed, a relation between the evolutionary properties of the disk
(R?≥RB) and the bulge is suggested from panels a&b of Fig. 7,
that show the mass-weighted age and metallicity of the bulge
and disk (large and small dots, respectively) as a function of to-
tal stellar mass M?,T. It can be appreciated from linear fits to
the data (solid lines) that LTG disks follow similar yet shallower
trends withM?,T as bulges, which is consistent with a synchro-
nized evolution of the age and metallicity of the disk (〈t?,D〉M
and 〈Z?,D〉M, respectively) with 〈t?,B〉M and 〈Z?,B〉M. Our data
yield the relations 〈t?,B〉M = (1.21±0.06)·〈t?,D〉M – (0.18±0.49)
and 〈Z?,B〉M = (1.09±0.05)·〈Z?,D〉M – (0.05±0.03).
As better visible from panel c, approximately all bulges are
on average older than the disk (the exception are the low-
est mass LTGs whose bulge and disk are almost indistin-
guishable from one another with respect to their mean age
and metallicity ). Interestingly, the bulge-to-disk age con-
trast δtBD (〈t?,B〉M – 〈t?,D〉M) increases with M?,T as δtBD
(Gyr) = (1.00±0.12)·logM?,T – (9.07±1.28). A similar, though
weaker, trend can be appreciated from panel d for the bulge-
to-disk metallicity contrast δZBD (〈Z?,B〉M – 〈Z?,D〉M) that
scales with galaxy mass as δZBD (Z) = (0.08±0.01)·logM?,T –
(0.75±0.12). The mean δtBD in the <δµ9G> intervals iA, iB and iC
was determined to be 0.50±1.1, 1.65±0.7 and 2.07±0.6 Gyr. It is
also interesting to note that the age contrast in iC bulges shows a
large spread between ∼0.5 and ∼3.6 Gyr, and that in up to ∼40%
of the bulges falling in the interval iA it is slightly negative (∼–1
Gyr), hinting at a rise of SF activity in the bulge over the recent
few Gyr. As expected from the evidence of Fig. 6, δtBD and δZBD
also show a positive correlation with <δµ9G>.
Our conclusions above are in qualitative agreement with those
by Sánchez-Blázquez et al. (2014) who find from a spectral
modeling study of 62 nearly face-on spiral galaxies from CAL-
IFA that bulges show, on average, higher luminosity-weighted
Article number, page 10 of 24
Iris Breda and Polychronis Papaderos : The continuous rise of bulges out of galactic disks
a
b c
d e f
Fig. 6. a) <δµ9G> (r mag) vs. mass-weighted stellar age 〈t?,B〉M (Gyr) for the bulge component of our sample LTGs. The solid line shows a linear
fit to the data. b) Logarithm of the stellar massM?,B (M) in the bulge vs. mass-weighted stellar age 〈t?,B〉M (Gyr). Galaxies spectroscopically
classified as Seyfert and LINER are marked. c) Total stellar massM?,T vs.M?,B. The solid and dashed lines show, respectively, a linear fit to the
data and equality between both quantities. d) Logarithm of M?,B vs. mass-weighted stellar metallicity 〈Z?,B〉M (Z). e) Logarithm of M?,B vs.
logarithm of the mean stellar surface density Σ?,B (M kpc−2) in the bulge. The gray-shaded quadrant at logM?≥10 and log Σ?,B≥9 delineates the
parameter space containing 93% of all Seyfert and LINER galaxies in our sample. f) Spectroscopic classification after BPT within simulated 3′′
SDSS fibers (method a in Sect. 2.3; cf. Fig. 4).
ages and metallicities than disks. The latter study also shows
that the metallicities of bulge and disk are correlated (see also,
e.g., Moorthy & Holtzman 2006), in agreement with the trend
in Fig. 7b, whereas no correlation was found between the age
of the two components (see also, Sánchez-Blázquez 2016). An-
other insight from the study by Sánchez-Blázquez et al. (2014) is
that the slope of the relation between central velocity dispersion
and luminosity-weighted age and metallicity is similar for the
central parts of bulges and at a galactocentric radius equivalent
to ∼2.4 exponential disk scale lengths.
4. Discussion
In advance to the discussion below, it is worth recalling that this
study combines, for the first time, three elements – surface pho-
tometry, spectral modeling of IFS data and post-processing of
population vectors with RY – toward a systematic investiga-
tion of the evolutionary properties of LTG bulges within a uni-
formly defined isophotal radius that encompasses nearly their
total emission.
4.1. The continuous rise of bulges out of galactic disks
The essential insight from Sect. 3 is that LTG bulges across ∼3
dex inM? and >1 dex in Σ? form a continuous sequence with re-
gard to <δµ9G>, 〈t?,B〉M and 〈Z?,B〉M. This argues against an age
bimodality that would echo two distinct bulge assembly routes,
one directing to old, monolithically formed CBs and the other
one to PBs emerging purely through quasi-continuous SF in the
centers of secularly evolving disks. The combined evidence sug-
gests instead that bulges and disks evolve alongside in a concur-
rent process that leads to a continuum of physical and evolution-
ary properties being reflected in <δµ9G> and exemplified by its
three intervals (iA–iC) in Fig. 5. In high-mass (log(M?,B)>10)
LTG bulges (interval iC), SF has shut off earlier than 9 Gyr ago,
whereas in intermediate-mass ones (iB) it was prolonged to a
later cosmic epoch, with the least massive bulges (iA) sustaining
ongoing SF and being composed to ∼80% of stars younger than
9 Gyr. Additionally, the fact that older disks in our sample host
older bulges (judging from a comparison of m9 ratios and panels
a&c of Fig. 7) with a within ∼0.2 dex equal metallicity (panel
d) points to an interwoven bulge–disk evolution, as already sug-
gested by some previous photometric or spectroscopic studies
in the local universe and at higher redshifts (e.g., Carollo et al.
2007; van Dokkum et al. 2013; Papovich et al. 2015; Sánchez-
Blázquez et al. 2014; Sánchez-Blázquez 2016; Lang et al. 2014;
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Fig. 7. a) Logarithm of the total stel-
lar massM?,T (M) vs. mass-weighted
stellar age 〈t?〉M (Gyr) of the bulge and
disk component (large and small dots,
respectively). Linear fits to the data
for the bulge and the disk are shown
with solid lines. The color coding is
the same as in Fig. 6. b) log(M?,T) vs.
mass-weighted stellar metallicity (Z)
for the bulge and the disk. The lay-
out is identical to that in panel a. c)
log(M?,T) vs. age contrast δtBD (〈t?,B〉M
– 〈t?,D〉M) (Gyr) between bulge and
disk. d) log(M?,T) vs. metallicity con-
trast δZBD (〈Z?,B〉M – 〈Z?,D〉M) in Z be-
tween bulge and disk.
Tacchella et al. 2017; Margalef-Bentabol et al. 2018, see also
Sect. 1).
Our results are consistent with a picture where bulge growth
in LTGs is driven by a superposition of quick-early and slow-
secular processes, the relative importance of which increases
with increasing galaxy mass. Quick-early processes might com-
prise collapse of self-gravitating gas that leaves behind a mas-
sive nuclear cluster or a low-mass proto-bulge, both providing
a steep gravitational pool that could promote ensuing gas in-
flow and SF, eventually also the seed of a SMBH, in addition
to inward migration and coalescence of massive (>∼ 108−9 M)
SF clumps forming continuously out of violent disk instabilities
(e.g., Bournaud et al. 2007; Mandelker et al. 2014, 2017, see
Sect. 1). Inflowing inter-clump gas could add further fodder for
the bulge buildup (e.g., Hopkins et al. 2012; Zolotov et al. 2015)
during its dominant formation phase and beyond. As for slow-
secular contributions to the bulge growth, these may comprise,
according to our current understanding, steady gas inflow from
the disk sustaining a perpetual rejuvenation of the bulge through
in situ SF, in concert with, for example, inward stellar migration
and minor mergers of dwarf satellites (see Sect. 1). In terms of
standard SFH parametrizations, the superposition of these pro-
cesses might be empirically approximated by "delayed" expo-
nentially declining SFR models (e.g., Cardoso et al. 2017) with
an e-folding timescale and a delay of the SFR peak scaling in-
versely to the present-dayM?,T. We note that the evidence from
this study is qualitatively consistent with insights gained from
Lick index studies by, for example, Thomas & Davies (2006),
which indicate that the smallest bulges show the lowest light-
weighted ages and a late enrichment in iron from SNe Ia.
Clearly, a deeper understanding of the timescales and physi-
cal channels of bulge growth, including the possible regula-
tory role of AGN- and SF-driven feedback, is a fundamental
yet formidable task that requires improved observational insights
(for instance, on the mass function of SF clumps in high-z proto-
disks; cf. e.g., Tamburello et al. 2017; Cava et al. 2017) and a
detailed treatment of stellar-dynamical processes, such as stellar
migration and its observational imprints (e.g., Sánchez-Blázquez
et al. 2009; Ros˘kar et al. 2012; Ruiz-Lara et al. 2016), the dis-
solution and regeneration of stellar bars (e.g., Berentzen et al.
2004), and, more generally, of all intrinsic and environmental
parameters that shape the dynamical coupling of stars, gas and
dark matter (DM) in an evolving galaxy ecosystem. For exam-
ple, a process that might act toward steepening the density profile
of a bulge, thereby possibly promoting nuclear starburst activity
(Loose et al. 1982), is adiabatic contraction of the stellar compo-
nent in response to gas inflow. This effect, which was proposed
by Papaderos et al. (1996b) as an explanation for the steeper stel-
lar density profile of the underlying host of starbursting dwarfs,
as compared to that of quiescent dwarf irregulars, might be rel-
evant if accreted gas from the disk or directly from the cosmic
web (e.g., Dekel et al. 2009; Dekel & Burkert 2014) contributes a
significant (>∼30%) fraction of the dynamical mass in the central
parts of proto-LTGs. This might be the case if baryons dominate
in those radii (see Genzel et al. 2017, for recent observational ev-
idence for baryon dominated disks ∼10 Gyr ago), or the DM halo
has an extended core of nearly constant density (i.e., a Burkert
1995 profile, see also Salucci & Burkert 2000).
4.1.1. Star formation rate vs. stellar mass growth rate
A subject of considerable interest is migration and its possible
role on the mass growth rate (MGR) of LTG bulges. A subtle
yet important point is that the MGR is not necessarily equal to
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the SFR, since inward (outward) migration across RB may lead
to a higher (lower) MGR than the value implied by in situ SF,
after correction for the stellar mass fraction returned into the in-
terstellar medium in the course of stellar evolution. The case of
MGR<SFR was discussed in Papaderos et al. (2002, see also Pa-
paderos & Östlin 2012) who conjectured that outward diffusion
of newly formed stars in the starbursting cores of young dwarf
galaxies may be an important driver of the buildup of their red-
der, more extended LSB stellar host: since the high-mass end
of stellar populations with a lifetime shorter than a migration
timescale τm will be depopulated before reaching the LSB pe-
riphery, a stellar mass filtering effect will naturally lead to a ra-
dial (core-envelope) age (and color) gradient. A consequence of
this is the overestimation of age for the LSB host, if its colors
(or spectrum) are interpreted on the usual assumption of in situ
SF according to a fully populated, spatially invariant initial mass
function. The inverse situation (MGR>SFR) might occur in the
case of inward migration of ex situ formed SF clumps and stars
from the disk, reaching the bulge with a delay τm (presumably,
greater than several 108 yr) after their formation. Since this pro-
cess imposes a minimum age τm for stellar populations arriving
at RB, inward migration into old, high-M?,B and –Σ?,Bbulges
could under certain circumstances act toward decreasing <δµ9G>,
m9 and the bulge-to-disk age contrast δtBD. Following these con-
siderations, the absence of stellar populations younger than 9
Gyr in iC bulges does not necessarily rule out that their buildup
has been continuing until (9-τm) Gyr ago. Conversely, the pres-
ence of stars of age τm in low-mass bulges does not imply that
in situ SF in these entities has been ongoing already τm Gyr
ago. Summarizing, one effect that might be plausibly expected
from inward migration is the aging (rejuvenation) of young (old)
bulges by ' ξ · 〈τm〉, whereby ξ denotes the mass fraction of in-
wardly migrated stars or SF clumps, and 〈τm〉 is a mass-weighted
average migration time for stars arriving in the bulge from dif-
ferent radii of the disk.
The sketchy remarks above are merely meant to outline one prin-
ciple effect that inward migration might have on bulge age and
SFH determinations, and to highlight the need for a better obser-
vational and theoretical understanding of this process. This task
appears to be of considerable interest in the light of, for example,
the recent conclusion by Margalef-Bentabol et al. (2018) that
∼1/2 of the stellar mass formed in the disks of two-component
galaxies at 1 < z < 3 must have transferred inward, promoting
the growth of the bulge.
4.1.2. Accelerated bulge growth in proportion to galaxy
mass
From our previous remarks it follows that an enhanced MGR in
the bulge could drive a non-homologous growth of radial Σ? and
µ profiles in LTGs: starting from an almost bulgeless exponen-
tial proto-disk with a Sérsic index η ' 1, an inwardly increasing
MGR would act toward accelerating the buildup of the bulge and
in turn lead to a steepening of the galaxy profile (η > 1) and
gradual increase of theM?,B/M?,T ratio. This is consistent with
Fig. 6c that shows that high-<δµ9G> (iC) bulges hosted by mas-
sive (logM?'11) LTGs contain twice the M?,T fraction than
low-<δµ9G> (iA) bulges (∼40% and ∼20%, respectively). The
mass increase and compaction of the bulge to a high Σ? might
also support the central confinement and collapse of inflowing
gas within its steepening gravitational potential, enhance chemi-
cal self-enrichment and therefore the gas cooling efficiency (cf.,
e.g., Böhringer & Hensler 1989), which could in turn accelerate
the SF cycle and the growth of M?,B in a manner that is pro-
portional to the local Σ?. This process might continue until SF
starts being gradually extinguished, once the bulge has attained a
(log M?,B;log Σ?,B) ≥ (10;9) and accretion-powered nuclear ac-
tivity becomes important (cf. Sect. 4.2). The rise of bulges out of
disks might therefore bear some analogy to (sub)galactic down-
sizing, in the sense that the assembly timescale of stellar systems
scales inversely with the mass and initial density of the baryonic
condensations galaxies emerge from, in qualitative resemblance
to the staged galaxy formation scenario by Noeske et al. (2007).
Besides the trend for increasing <δµ9G> and 〈t?,B〉M with in-
creasing M?,B and M?,T (Fig. 6a-c), further support to the no-
tion of an accelerated bulge growth in proportion to the LTG
mass comes from Fig. 7c that shows the relation between bulge-
to-disk age contrast δtBD as a function of M?,T: would bulges
form purely monolithically, prior to and independently of disks,
then one would expect a roughly constant (>0) δtBD across LTG
mass If, on the other hand, bulges were assembling strictly in
lockstep with secularly evolving disks, thus sharing the same
SFH and essentially being rearranged disk material, then their
δtBD would also be independent on M?,T and in the range be-
tween ≈0 Gyr and 〈τm〉. However, the documented trend for an
increasing bulge-to-disk age contrast with increasingM?,T sug-
gests that higher-mass bulges in higher-mass LTGs have assem-
bled earlier and quicklier, and vice versa. We note that the rela-
tion between δtBD andM?,T (or, equivalently, <δµ9G>; cf. Sect. 3)
is unlikely to be driven by the earlier cessation of SF in higher-
mass disks, since this would tend to diminish δtBD, contrary to
the evidence from Fig. 7c. Quite importantly, the absence of a
bimodality or even discontinuity in the bulge vs. disk age and
metallicity contrast over ∼2.5 dex inM?,T points to an interwo-
ven yet asynchronous growth of these components, with bulges
assembling out of disks on a timescale that scales inversely with
M?,T. In this sense, our results support neither the monolithic
nor the purely secular bulge formation scenario, but point in-
stead to a picture of sub-galactic downsizing where bulges form
faster in more massive baryonic entities, and vice versa. The non-
homologous radial growth of Σ? implied by this bulge growth
process is also consistent with the observed trend between the
M?,B/M?,T ratio andM?,T (Fig. 6c), as well as with a trend for
an increasing Sérsic index η withM?,T (or Mr) for present-day
LTGs.
The three LTGs in Fig. 5 may be regarded as morphological
snapshots in a chronological sequence of increasing M?,B and
Σ?,B in tandem with <δµ9G>. Despite the tentative subdivision
of LTG bulges into three intervals (iA–iC), for the sake of illus-
tration, it is important to bear in mind that the here documented
continuity in the bulge properties themselves and their difference
(δtBD and δZBD) to their hosting disks consistently disfavors a
bulge segregation into evolutionary distinct classes, in particu-
lar between CBs and PBs. One may frame the insights from this
study in a simple scenario where high-mass bulges (<δµ9G> inter-
val iC) represent the endpoint of an evolutionary pathway across
an increasing <δµ9G> (iA→iB→iC) whose duration depends on the
intrinsic and environmental properties of the halo in which LTGs
form: higher-mass systems form preferentially in higher-density
environments, where efficient gas accretion from the cosmic web
(e.g., Dekel et al. 2009) facilitates rapid mass growth and com-
plete the dominant phase of their bulge assembly earlier than 9
Gyr ago, while eventually maintaining a significant MGR in the
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Fig. 8. Schematic illustration of the scenario proposed in Sect. 4.1.2:
the three LTGs in Fig. 5 may be regarded as morphological snapshots
in a sequence of increasing bulge stellar mass M?,B, age 〈t?,B〉M, sur-
face density Σ?,B and <δµ9G>. The progenitors of high-mass LTGs
(e.g., NGC 0776, i.e., systems in the <δµ9G> interval iC; ≥-0.5 mag)
form in more massive halos and experience the dominant phase of
their bulge assembly earlier than 9 Gyr ago (vertical line). Conversely,
the precursors of low-<δµ9G> (≤-1.5 mag; i.e., iA) LTGs, such as IC
0776, assemble at a calm pace within lower-mass halos and undergo an
overall retarded structural and chemical evolution toward intermediate-
<δµ9G> LTGs (iB), such as NGC 0001. Once the bulge has grown to
(log M?,B; log Σ?,B) ≥ (10;9), AGN-driven feedback initiates a gradual
cessation of SF (depicted in red), while the bulge mass may continue
increasing through inward stellar migration from the disk and multiple
minor dry mergers.
ensuing Gyrs of their passive photometric evolution through in-
ward stellar migration and minor dry mergers. Conversely, LTGs
born out of lower-mass halos in less ’privileged’ regions of the
cosmic web (filaments and their surroundings) might have ex-
perienced a delayed buildup as a result of comparatively inef-
ficient gas accretion onto their shallow gravitational pools. The
low ’metabolism’ (aka sSFR) of these latecomers in the iA inter-
val of <δµ9G> is imprinted on their lower age, metallicity, stel-
lar surface density andM?,B/M?,T ratio. Moreover, the youth of
these systems is not at odds with the presence of a minor fraction
(∼20%) of old (>9 Gyr) stars (cf. Sect. 3.3) that could originate
from low-level SF and minor mergers with ancient galaxy build-
ing blocks, such as, for example dwarf spheroidals formed prior
to the reionization epoch (e.g., Grebel & Gallagher 2004).
It is interesting to note that results from this study are qualita-
tively in line with conclusions drawn from abundance matching
studies of higher-z galaxies (e.g., van Dokkum et al. 2013; Pa-
tel et al. 2013; Papovich et al. 2015). For instance, Papovich et
al. (2015) have investigated how the progenitors of present-day
LTGs with the mass of the MW and M31 (5 × 1010 M and 1011
M, respectively) may have grown from z = 3 to 0.5. They re-
port that both started their evolution as star-forming disks, and
after an IR-luminous phase, they evolved in the redder and more
quiescent galaxies of today. These authors further conclude that
"the progenitors of MW-mass galaxies reached each evolution-
ary stage at later times (lower redshifts) and with stellar masses
that are a factor of two to three lower than the progenitors of the
M31-mass galaxies.". Furthermore, these studies report a smooth
increase of Sérsic η with z, with higher-mass galaxies reaching
a higher η earlier than lower-mass galaxies, in agreement with
the hypothesis of an accelerated bulge growth in proportion to
galaxy mass suggested above.
4.2. Accretion-powered nuclear activity along the bulge
sequence
The occurrence of accretion-powered nuclear activity in galac-
tic bulges has been the subject of intense investigation over the
past decades (the reader is referred to Kormendy & Ho 2013,
for a recent review) showing that manifestations of weak Seyfert
activity are comparatively rare in disk-dominated LTGs that are
commonly classified as PBs. Given the kinematical evidence for
these bulges also containing a SMBH, just like CBs, the ob-
served scarcity of AGN activity has been generally ascribed to an
inefficient (sub-Eddington) and episodic matter accretion (e.g.,
Kormendy, Bender & Cornell 2011) or to the premature termi-
nation of SMBH growth, possibly due to the dissolution of short
inner bars (Du et al. 2017).
This picture is echoed in Fig. 6i, showing that 31 of the 33 lower-
mass iA bulges in our sample fall in the SF locus of the BPT di-
agram, with only two of them being spectroscopically classified
as Composite. Assuming that the M•/M?,T ratio of ≈ 10−3 for
galaxies with log(M?,T)≥10 (Kormendy & Ho 2013) applies to
lower masses, the M• of ∼ 106−7 M expected for iA bulges in
our sample would translate to maximum Eddington rates of 0.02-
0.2 M/yr, assuming a radiative efficiency of 0.1. Even though
weak and smeared by the PSF of CALIFA IFS data, an AGN
point source powered by these accretion rates should probably
be detectable above the local background of these least massive
bulges, given that their surface brightness is by 2–3 SDSS r mag
fainter than that of high-mass (iC) bulges. Moreover, the om-
nipresence of SF in these bulges, implying a cold gas reservoir
of sufficient density, suggests that the absence of Seyfert signa-
tures is not due to a high Lyc continuum photon escape fraction
(contrary to the case of many massive ETGs) or their dilution by
circumnuclear SF (cf. discussion in Sect. 2.3). Moreover, an ob-
scured AGN does neither offer a convincing explanation, given
the relatively strong nebular emission (EW(Hα)=26.3 Å, on av-
erage), moderate-to-low (AV ≤ 0.24±0.12 mag) intrinsic extinc-
tion and nearly face-on geometry of these low-M?,B LTGs. The
evidence from Fig. 6i is certainly compatible with the picture
of inefficient or sporadic gas accretion onto an intermediate-M•
SMBH, as suggested from previous work. A conceivable alter-
native, on the other hand, might be an asynchronous growth of
SMBHs relative to their galaxy hosts with the M•/M?,B ratio, or
the Eddington ratio and the SMBH spin parameter being non-
linearly coupled toM?,T.
Coming to massive LTG bulges with a <δµ9G> above –1.5 mag
(iB and iC), we recall that the gray-shaded quadrant in Fig. 6e
contains 93% (38/41) of all Seyfert and LINER in our sample.
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This suggests that the deep gravitational potential of bulges in
the range log(M?,B;Σ?,B)≥(10;9) is linked, perhaps causally, to
an efficient SMBH feeding. The regulatory role of the associ-
ated AGN phenomenon on SF quenching in these old, high-
mass bulges remains a subject of intense investigation (e.g., Cat-
taneo et al. 2009; Kormendy & Ho 2013; Harrison 2017, and
references therein) both in the local universe and at intermedi-
ate z. For instance, Lang et al. (2014) study 6764 galaxies with
M?,T> 1010 M at 0.5 < z < 2.5 by performing bulge-to-disk
decomposition. Their findings suggest that bulges and SMBHs
grow hand in hand through merging and/or disk instabilities,
with AGN-feedback being the main driver for the shut-off of SF.
Tacchella et al. (2017) conjecture that SF quenching mechanisms
must be internal to the galaxies and closely associated with bulge
growth, and that, at M?,T > 1011 M, SF quenching gradually
progresses in an inside-out manner. This conclusion appears to
be consistent with our results: 16 of the 76 LTGs in the gray-
shaded area of Fig. 6e are classified as Composites, which points
to the co-existence of SF with AGN-driven feedback over a time
span of >∼2 Gyr (cf. panel b with panel f), therefore against an
abrupt SF quenching by accretion-powered nuclear activity.
5. Summary and conclusions
This study combines for the first time three techniques – surface
photometry of SDSS data, 2D analysis and spectral modeling
of IFS data and post-processing of the spectral synthesis out-
put with the code RY – toward a systematic investigation of the
physical and evolutionary properties (e.g., M?, t?, Σ?, Z?, Mr,
RB) of galaxy bulges within a uniformly defined isophotal ra-
dius that encompasses almost their total emission. Our sample is
composed of 135 non-interacting, nearly face-on LTGs from the
CALIFA survey that densely cover a wide range in bulge stellar
mass (108.3 – 1011.3 M) and luminosity (−20 <∼ Mr <∼ −14).
A central element of our analysis revolves around <δµ9G> (mag),
a quantity that can be inferred from RY and which allows to
evaluate the contribution of stellar populations older than 9 Gyr
to the mean r-band surface brightness of galaxy bulges. We show
that this distance- and nominally extinction-independent quan-
tity, first introduced and systematically investigated for a large
LTG sample here, offers a simple yet valuable semi-empirical
proxy to the bulge assembly history, and eventually a promising
bulge classification diagnostic.
The main results of this study may be summarized as follows:
i. LTG bulges span a range in <δµ9G> between ∼–4 mag and
∼0 mag, translating, respectively, into a contribution to the
bulge mean surface brightness between ∼3% and ∼100%
by stellar populations older than 9 Gyr. Quite importantly,
<δµ9G> follows a tight correlation with the present-day stel-
lar mass M?,B, stellar surface density Σ?,B, mass-weighted
age 〈t?,B〉M and metallicity 〈Z?,B〉M of LTG bulges over ∼3
dex in M?,B and >1 dex in Σ?,B: The highest-<δµ9G> (∼0
mag) bulges are the oldest, most massive, dense and chemi-
cally enriched, and vice versa.
ii. On the basis of <δµ9G>, we tentatively subdivide LTG bulges
in three characteristic intervals: low-mass (logM?,B<∼9.7)
bulges with a <δµ9G>≤ –1.5 mag (interval iA) are hosted
by low-mass (logM?,T<∼10.5) disk-dominated LTGs, are
comparatively young (〈t?,B〉M'6.8 Gyr) and show ongoing
SF with an average EW(Hα)'25 Å. Conversely, high-mass
bulges (<δµ9G> ≥ –0.5 mag; interval iC) reside in high-mass
(logM?>∼ 11) LTGs, have a mean age of ' 11.5 Gyr and are
characterized by a high stellar mass surface density (Σ?,B≥
109 M kpc−2) and weak nebular emission (〈EW(Hα)〉 '5
Å. As for bulges in the intermediate range of <δµ9G> (inter-
val iB), they also display intermediate values inM?,B, Σ?,B,
〈t?,B〉M, 〈Z?,D〉M, absolute r-band magnitude and EW(Hα).
iii. Whereas more massive bulges are hosted by more massive
LTGs, the bulge-to-total mass ratio M?,B/M?,T increases
with LTG mass M?,T, being on average twice as large in
high-<δµ9G> iC bulges than in low-<δµ9G> iA bulges (∼0.4
and ∼0.2, respectively).
iv. The age and metallicity of LTG bulges is moderately corre-
lated with the age and metallicity of their parent disks. How-
ever, the bulge-to-disk age and metallicity contrast increases
with M?,T and <δµ9G>: whereas the bulge and the disk are
of similar age and metallicity in low-mass LTGs, high-mass
bulges are, on average, by ∼2 Gyr older and by 0.9 dex more
metal-rich than the disk.
vi. An analysis of BPT diagnostics indicates that SF is the
dominant gas excitation mechanism in lower-mass bulges.
Accretion-powered nuclear activity, manifesting itself in
Seyfert- and eventually LINER-specific BPT line ratios is
almost exclusively confined to higher-mass (>∼ 1010 M),
higher-Σ?,B (>∼ 109 M kpc−2) bulges.
The essential insight from this study is that LTG bulges across
∼3 dex in M? and >1 dex in Σ? form a continuous sequence
with regard to <δµ9G>, 〈t?,B〉M and 〈Z?,B〉M. This argues against
an age bimodality that would reflect two distinct bulge assem-
bly routes, one directing to old, monolithically formed CBs and
the other one to PBs emerging purely through quasi-continuous
SF in the centers of secularly evolving disks. The combined evi-
dence suggests instead that bulges and disks evolve alongside in
a concurrent process that leads to a continuum of physical and
evolutionary properties being closely reflected in <δµ9G>. Our
results are consistent with a picture where bulge growth in LTGs
is driven by a superposition of quick-early and slow-secular pro-
cesses, the relative importance of which is increasing with in-
creasing galaxy mass.
Furthermore, the trend for an increasing M?,B/M?,T ratio and
bulge-to-disk age contrast with increasing M?,T (or, equiva-
lently, <δµ9G>), and the absence of a bimodality or even discon-
tinuity in this relation over three dex in bulge mass, lend support
to the interpretation of an interwoven yet asynchronous growth
of bulge and disk, with the former assembling out of the latter
on a timescale that is inversely related to M?,T. This process
is expected to lead to a non-homologous radial growth of Σ? in
LTGs and a trend for an increasing Sérsic index ηwith increasing
M?,T.
This framework points against a fundamental evolutionary di-
chotomy between CBs and PBs, instead unifying LTG bulges
into a continuous chronological sequence of increasing M?,B
and Σ?,B and inviting to a further exploration of the mechanisms
behind the non-homologous growth of stellar mass in galaxies
and the rise of bulges out of galactic disks.
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Appendix A: An empirical assessment of disk
contamination and PSF convolution effects on
the obtained trends
Even though all but one (<δµ9G>) of the quantities involved in
this study are weighted byM?, therefore relatively insensitive to
the luminosity contribution by the star-forming disk, it is worth-
while to check whether the latter has an appreciable impact on
〈t?,B〉M and 〈Z?,B〉M determinations within the bulge radius RB.
In particular, since the B/T mass ratio increases by a factor of ∼2
across the range in M?,T covered by the analyzed LTG sample
(109 M – 1011.5 M), it cannot be excluded that the degree of
disk contamination scales inversely withM?,T, therefore primar-
ily affecting low-B/T (i.e., low-<δµ9G> iA) galaxies and leading
to an artificial steepening of the log(M?,B) vs. 〈t?,B〉M relation
in Fig. 6b.
For this purpose, a series of tests was made to study the depen-
dence of 〈t?,B〉M and 〈Z?,B〉M on the isophotal aperture consid-
ered by repeating the analysis for the three innermost isan, as well
as within the central portion of the bulge where contamination by
the disk should be minimal. For the latter tests we adopted a ra-
dius of 3′′.3 (hereafter R3.3), which, given the typical full width at
half maximum (FWHM) of CALIFA DR3 data ('2′′.6), encom-
passes the total emission of a point-like source (e.g., a compact
bulge).
As apparent from Fig. A, mass-weighted age and metallicity de-
terminations within R3.3 do not appreciably differ from those
within RB, which suggests that the trends in Figs. 6&7 are not
notably affected by aM?,T-dependent light contamination of the
bulge by the surrounding star-forming disk.
The good agreement between 〈t?,B〉M and 〈Z?,B〉M determina-
tions within R3.3 and RB is probably not due to point spread func-
tion (PSF) smearing effects, but presumably the result of weak
radial gradients of mass-weighted quantities within LTG bulges.
Indeed, the bulge radius in the majority (∼95%) of the analyzed
LTGs is by a factor ∼2–4.6 larger than the FWHM of CALIFA
IFS data (vertical dashed line in panel a of Fig. A.2). Also, panels
b&c show that RB is typically ∼2–3 times larger than the effec-
tive radius Reff and contains in all cases at least 80% of the total
emission of the bulge.
Appendix B: Dependence of the inferred trends
on the metallicity range covered by the SSP
library
As pointed out in Sect. 2.2.2, in our study preference was given
to determinations that are based on spectral modeling with the
Z4 SSP library with the goal of improving age determinations at
the expense of a possible saturation of the metallicity at ≤ Z.
Nevertheless, a parallel spectral modeling analysis of the LTG
sample was carried out using the Z5 SSP library, which addition-
ally comprises SSPs for a stellar metallicity of 1.5·Z, in order
to evaluate the influence of the AMD on the trends discussed in
Sect. 3.
As it can be seen from comparison of Fig. 6 with Fig. B.1, the
AMD is reflected in an increase of the metallicity and decrease
in the age of high-M? bulges. However, spectral modeling with
the Z5 SSP library has a relatively little effect on <δµ9G> (±0.5
mag) andM? (<∼0.2-0.3 dex), and, quite importantly, it does not
appreciably influence the trends between <δµ9G> and physical
and evolutionary quantities of LTG bulges.
For the sake of completeness, we provide in Table B.1 a syn-
opsis of relations inferred from regression analysis for quanti-
ties obtained from spectral modeling with the Z4 and Z5 SSP li-
brary (panels a-e in Fig. 3 and Fig. B.1, respectively). The upper
block lists relations computed by minimizing χ2 with regard to
both quantities considered, whereas the lower block refers to fits
where χ2 minimization was done only with regard to the quantity
listed in the right-hand side of each equation.
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a b
c d
Fig. A.1. Comparison of the mean mass-
weighted stellar age 〈t?,B〉M (Gyr) and metal-
licity 〈Z?,B〉M (Z) within RB (cf. Sect. 2.2.2)
with the values obtained within a radius of 3′′.3
for the LTG bulges in our sample (〈t?,3.3〉M and
〈Z?,3.3〉M, respectively). Dashed diagonal lines
indicate equality between both plotted quanti-
ties for spectral models based on the Z4 and
Z5 SSP library (upper and lower panels, respec-
tively). It can be seen that the scatter of points
relative to the equality lines is relatively small
(standard deviation of 0.56 Gyr and 0.33 dex for
spectral fits with the Z4 SSP library and 0.63
Gyr and 0.60 dex for spectral fits with the Z5
SSP library) and do not show a significant de-
pendence on age and metallicity.
a b c
Fig. A.2. Histogram distributions of the bulge isophotal radius RB (′′) of the LTGs in our sample (panel a), and its normalized values to Reff and
the radius enclosing 80% of its total bulge luminosity (panels (panel b and c, respectively). The dashed vertical line in panel a marks the FWHM
of CALIFA DR3 data (2′′.6). The color coding is identical to that in Fig. 6 and is meant to illustrate the variation of the bulge extent among the
three tentatively defined <δµ9G> intervals (cf. Sect. 3).
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d e f
Fig. B.1. Main results from the spectral fitting of the LTG sample with the SSP base Z5 (cf. Sect. 2.2.2). The color coding and the meaning of
the individual panels is as in Fig, 6: a) <δµ9G> (r mag) vs. mass-weighted stellar age 〈t?,B〉M (Gyr) for the bulge component, with the solid line
showing a linear fit to the data. b) Logarithm of the stellar mass M?,B (M) in the bulge vs. mass-weighted stellar age 〈t?,B〉M (Gyr). Galaxies
spectroscopically classified as Seyfert and LINER (cf. panel f) are marked. c) Total stellar massM?,T vs.M?,B. The solid and dashed lines show,
respectively, a linear fit to the data and equality between both quantities. d) Logarithm ofM?,B vs. mass-weighted stellar metallicity 〈Z?,B〉M (Z).
e) Logarithm ofM?,B vs. logarithm of the mean stellar surface density Σ?,B (M kpc−2) in the bulge. f) Spectroscopic classification after BPT line
ratios within simulated 3′′ SDSS fibers (cf. Sect. 2.3).
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Z4 SSP Library Z5 SSP Library
〈t?,B〉M= (2.05±0.04) · <δµ9G> + (12.14±0.06) 〈t?,B〉M= (2.26±0.07) · <δµ9G> + (11.52±0.11)
〈t?,B〉M = (2.30±0.11)· logM?,B - (13.44±1.13) 〈t?,B〉M = (1.69±0.12)· logM?,B - (8.71±1.23)
log Σ?,B= (0.42±0.02)· logM?,B + (4.96±0.23) log Σ?,B= (0.39±0.02)· logM?,B + (5.20±0.24)
log Σ?,B= (0.16±0.01)·〈t?,B〉M+ (7.63±0.09) log Σ?,B= (0.16±0.01)·〈t?,B〉M+ (7.76±0.10)
log Σ?,B= (0.32±0.02)·<δµ9G>+ (9.56±0.03) log Σ?,B= (0.39±0.03)·<δµ9G>+ (9.69±0.05)
〈Z?,B〉M = (0.23±0.01)· logM?,B - (1.60±0.11) 〈Z?,B〉M = (0.42±0.02)· logM?,B - (3.26±0.17)
〈Z?,B〉M = (0.28±0.01)· logM?,T - (2.30±0.15) 〈Z?,B〉M = (0.51±0.02)· logM?,T - (4.48±0.23)
〈t?,D〉M = (1.88±0.12)· logM?,T - (11.85±1.32) 〈t?,D〉M = (1.42±0.12)· logM?,T - (7.86±1.25)
〈Z?,D〉M = (0.20±0.02)· logM?,T - (1.55±0.16) 〈Z?,D〉M = (0.29±0.02)· logM?,T - (2.31±0.20)
logM?,B= (0.67±0.04)·<δµ9G> + (10.87±0.06) logM?,B= (0.86±0.06)·<δµ9G> + (11.26±0.09)
logM?,B= (1.22±0.02) logM?,T - (2.87±0.25) logM?,B= (1.20±0.03) logM?,T - (2.67±0.27)
M?,B/M?,T = (0.13±0.02)·logM?,T - (1.12±0.17) M?,B/M?,T = (0.13±0.02)·logM?,T - (1.09±0.18)
〈t?,B〉M = (1.21±0.06)·〈t?,D〉M - (0.18±0.49) 〈t?,B〉M = (1.07±0.08)·〈t?,D〉M + (0.64±0.55)
〈Z?,B〉M = (1.09±0.05)·〈Z?,D〉M + (0.05±0.03) 〈Z?,B〉M = (1.42±0.06)·〈Z?,D〉M - (0.17±0.04)
δtBD = (1.00±0.12)·logM?,T - (9.07±1.28) δtBD = (0.74±0.14)·logM?,T - (6.65±1.45)
δZBD = (0.08±0.01)·logM?,T - (0.75±0.12) δZBD = (0.22±0.02)·logM?,T - (2.18±0.16)
〈t?,B〉M= (2.13±0.04) · <δµ9G> + (12.23±0.23) 〈t?,B〉M= (2.49±0.07) · <δµ9G> + (11.86±0.37)
〈t?,B〉M = (2.93±0.15)· logM?,B - (19.81±1.06) 〈t?,B〉M = (2.66±0.20)· logM?,B - (18.39±1.45)
log Σ?,B= (0.44±0.03)· logM?,B + (4.70±0.30) log Σ?,B= (0.42±0.03)· logM?,B + (4.93±0.31)
log Σ?,B= (0.16±0.01)·〈t?,B〉M+ (7.62±0.10) log Σ?,B= (0.17±0.01)·〈t?,B〉M+ (7.74±0.12)
log Σ?,B= (0.34±0.02)·<δµ9G>+ (9.58±0.07) log Σ?,B= (0.43±0.03)·<δµ9G>+ (9.75±0.14)
〈Z?,B〉M = (0.24±0.01)· logM?,B - (1.64±0.11) 〈Z?,B〉M = (0.43±0.02)· logM?,B - (3.40±0.15)
〈Z?,B〉M = (0.28±0.02)· logM?,T - (2.37±0.15) 〈Z?,B〉M = (0.54±0.02)· logM?,T - (4.76±0.20)
〈t?,D〉M = (2.80±0.19)· logM?,T - (21.56±1.48) 〈t?,D〉M = (2.44±0.21)· logM?,T - (18.64±1.65)
〈Z?,D〉M = (0.21±0.02)· logM?,T - (1.61±0.16) 〈Z?,D〉M = (0.31±0.02)· logM?,T - (2.45±0.20)
logM?,B= (0.76±0.04)·<δµ9G> + (10.98±0.30) logM?,B= (1.11±0.08)·<δµ9G> + (11.63±0.57)
logM?,B= (1.26±0.02) logM?,T - (3.27±0.23) logM?,B= (1.25±0.03) logM?,T - (3.12±0.24)
M?,B/M?,T = (0.14±0.02)·logM?,T - (1.17±0.17) M?,B/M?,T = (0.14±0.02)·logM?,T - (1.15±0.19)
〈t?,B〉M = (1.46±0.07)·〈t?,D〉M - (2.23±0.54) 〈t?,B〉M = (1.52±0.12)·〈t?,D〉M - (2.56±0.70)
〈Z?,B〉M = (1.26±0.06)·〈Z?,D〉M - (0.04±0.03) 〈Z?,B〉M = (1.63±0.07)·〈Z?,D〉M - (0.33±0.04)
δtBD = (2.35±0.31)·logM?,T - (23.42±2.68) δtBD = (3.11±0.64)·logM?,T - (31.57±6.00)
δZBD = (0.08±0.01)·logM?,T - (0.76±0.12) δZBD = (0.23±0.01)·logM?,T - (2.25±0.16)
Table B.1. Overview of the fits obtained for quantities inferred from analysis of the LTG sample with the Z4 and Z5
SSP library. The <δµ9G> is expressed in SDSS r mag, 〈t?,B〉M and 〈t?,D〉M in Gyr,M?,B andM?,T in M, Σ?,B in 109
M kpc−2 and 〈Z?,B〉M in Z.
Appendix C: Photometric, evolutionary and physical quantities for the galaxy sample
Table C.1: Photometric, evolutionary and physical quantities for the galaxy sample under study. Col. 1: name of the galaxy, Col. 2: assumed distance in Mpc, Col. 3: isophotal radius
of the bulge (RB) in kpc, Col. 4: logarithm of the total stellar mass (M?,T in M), Col. 5: logarithm of the present-day stellar mass (M?,B in M) within RB, Cols. 6&7: mass-weighted
stellar age of the bulge (〈t?,B〉M in Gyr) and its dispersion (σ 〈t?,B〉M), Cols. 8&9: mass-weighted stellar age of the disk (〈t?,D〉M in Gyr) and its dispersion (σ 〈t?,D〉M), Cols. 10&11:
mass-weighted stellar metallicity of the bulge (〈Z?,B〉M in Z) and its dispersion (σ 〈Z?,B〉M), Cols. 12&13: mass-weighted stellar metallicity of the disk (〈Z?,D〉M in Z) and its
dispersion (σ 〈Z?,B〉M), Col. 14: logarithm of the mean stellar mass surface density in the bulge (Σ?,B in M kpc−2) and Col. 15: mean <δµ9G> (r mag) within RBQ˙uantities listed in
cols. 4–15 were obtained from spectral modeling with STARLIGHT of CALIFA V500 data with the Z4 SSP library and refer to the present-dayM? (cf. Sect. 2.2.2).
Name Distance
(Mpc)
(2)
RB
(kpc)
(3)
logM?,T
(M)
(4)
logM?,B
(M)
(5)
〈t?,B〉M
(Gyr)
(6)
σ 〈t?,B〉M
(Gyr)
(7)
〈t?,D〉M
(Gyr)
(8)
σ 〈t?,D〉M
(Gyr)
(9)
〈Z?,B〉M
(Z)
(10)
σ 〈Z?,B〉M
(Z)
(11)
〈Z?,D〉M
(Z)
(12)
σ 〈Z?,D〉M
(Z)
(13)
log Σ?,B
(M kpc−2)
(14)
<δµ9G>
(mag)
(15)
CGCG163_062 68.1 1.37 9.95 9.31 6.43 0.89 4.80 0.76 0.37 0.22 0.34 0.22 8.54 -2.64
IC0159 52.0 0.87 10.12 9.27 8.28 1.14 6.67 1.19 0.35 0.16 0.38 0.19 8.90 -1.97
IC0208 46.6 1.22 10.25 9.44 9.11 0.99 7.68 1.01 0.53 0.24 0.62 0.31 8.77 -1.20
IC0776 40.2 1.07 9.58 8.71 6.49 1.02 7.41 1.12 0.25 0.10 0.30 0.16 8.15 -2.67
IC1256 72.1 1.44 10.93 10.13 10.85 0.67 8.67 1.03 0.77 0.32 0.68 0.31 9.32 -0.63
IC1528 51.6 1.01 10.52 9.83 10.51 0.71 6.95 0.98 0.47 0.18 0.44 0.22 9.33 -0.94
IC1683 65.4 1.91 10.85 10.53 11.16 0.73 8.28 0.99 0.71 0.32 0.72 0.36 9.47 -0.60
IC2604 28.9 0.46 9.26 8.37 6.42 0.97 6.81 0.99 0.33 0.15 0.38 0.27 8.54 -2.75
IC3918 97.7 1.17 9.85 9.09 4.99 1.27 6.13 1.11 0.30 0.14 0.36 0.22 8.45 -3.48
IC4566 86.3 2.97 11.16 10.79 12.03 0.50 9.81 0.82 0.78 0.47 0.72 0.38 9.35 -0.20
MCG01_10_019 69.9 1.63 10.43 9.86 9.24 0.89 8.78 0.92 0.75 0.33 0.67 0.33 8.94 -1.27
MCG09_22_053 55.0 1.18 9.89 9.50 6.55 0.94 6.56 1.00 0.41 0.15 0.34 0.16 8.86 -2.98
NGC0001 61.6 1.92 10.99 10.68 9.76 0.97 8.12 0.98 0.77 0.30 0.59 0.27 9.62 -1.18
NGC0036 81.0 2.52 11.22 10.76 10.99 0.93 9.11 0.91 0.86 0.50 0.72 0.36 9.46 -0.61
NGC0160 70.5 3.14 11.18 10.85 11.54 0.63 8.86 0.80 0.88 0.57 0.85 0.57 9.36 -0.44
NGC0165 78.9 2.00 10.85 10.29 9.97 0.76 9.01 0.98 0.68 0.34 0.58 0.27 9.19 -0.86
NGC0171 52.8 1.98 10.92 10.47 11.44 0.76 9.00 0.90 0.76 0.51 0.65 0.34 9.38 -0.40
NGC0180 70.6 2.17 11.14 10.84 11.51 0.63 10.39 0.84 0.83 0.49 0.82 0.39 9.67 -0.44
NGC0214 61.0 1.88 11.16 10.68 11.43 0.65 9.21 0.85 0.79 0.40 0.64 0.39 9.64 -0.51
NGC0234 59.7 2.33 11.00 10.48 10.54 0.89 8.67 1.04 0.73 0.32 0.62 0.27 9.25 -0.92
NGC0237 55.9 1.22 10.58 9.97 9.81 0.99 7.92 1.01 0.53 0.23 0.41 0.19 9.30 -1.03
NGC0257 70.4 2.66 11.13 10.69 10.24 0.87 8.36 0.88 0.78 0.33 0.60 0.34 9.34 -0.98
NGC0309 75.8 2.78 11.1 10.55 10.99 0.72 9.29 0.95 0.77 0.48 0.68 0.30 9.16 -0.61
NGC0447 75.1 3.81 11.53 11.24 11.21 0.62 9.14 1.00 0.93 0.60 0.80 0.43 9.59 -0.57
NGC0477 79.1 1.89 10.78 10.29 9.99 0.83 8.52 0.95 0.71 0.33 0.57 0.23 9.24 -0.99
NGC0496 80.5 1.48 10.72 9.88 9.86 0.73 8.42 0.97 0.51 0.19 0.42 0.19 9.04 -1.13
NGC0768 93.3 1.90 10.89 10.35 11.07 0.64 8.14 0.98 0.74 0.34 0.48 0.21 9.30 -0.55
NGC0776 65.5 2.44 11.09 10.76 11.57 0.58 9.29 0.94 0.86 0.44 0.67 0.31 9.48 -0.30
NGC0873 53.2 1.10 10.76 10.22 10.95 0.76 8.35 1.11 0.51 0.23 0.47 0.23 9.63 -0.92
NGC0941 21.3 0.47 9.48 8.64 8.02 0.97 6.48 1.08 0.41 0.15 0.36 0.19 8.81 -1.97
NGC0976 57.0 2.49 11.05 10.86 10.23 0.73 7.91 0.78 0.78 0.44 0.62 0.42 9.58 -0.94
NGC0991 20.2 0.70 9.49 8.81 5.69 0.94 6.23 1.07 0.43 0.19 0.39 0.19 8.62 -3.16
NGC1070 54.0 2.55 11.23 10.91 12.07 0.48 10.82 0.70 0.83 0.48 0.76 0.39 9.59 -0.18
NGC1093 70.8 1.10 10.85 10.19 11.58 0.57 9.46 0.93 0.89 0.49 0.69 0.29 9.61 -0.29
NGC1094 85.8 2.77 11.06 10.74 9.18 0.84 9.01 0.87 0.77 0.37 0.53 0.30 9.36 -1.43
NGC1590 52.2 0.87 10.6 10.03 10.29 0.94 7.57 0.89 0.51 0.21 0.39 0.22 9.65 -1.02
NGC1645 65.9 1.92 11.04 10.71 11.18 0.93 9.52 0.73 0.93 0.71 0.71 0.41 9.65 -0.54
NGC1659 61.7 1.38 10.73 10.2 9.38 0.95 8.03 1.04 0.66 0.38 0.55 0.34 9.42 -1.39
NGC1667 61.2 2.63 11.27 10.91 11.4 0.70 9.61 0.84 0.74 0.37 0.54 0.27 9.57 -0.55
NGC2253 51.3 1.25 10.9 10.37 10.84 0.79 9.35 0.95 0.66 0.25 0.52 0.20 9.68 -0.58
NGC2347 63.0 1.72 11.12 10.73 11.59 0.64 10.13 0.88 0.85 0.43 0.59 0.25 9.77 -0.36
NGC2486 66.3 1.87 10.93 10.5 12.00 0.45 10.28 0.67 0.89 0.69 0.77 0.45 9.45 -0.23
NGC2487 68.9 2.68 11.07 10.66 11.07 0.76 9.47 0.90 0.84 0.45 0.67 0.32 9.3 -0.62
NGC2530 71.7 1.51 10.55 9.90 9.01 1.01 6.91 1.05 0.5 0.22 0.36 0.17 9.04 -1.58
NGC2540 89.0 1.72 10.79 10.13 9.69 0.85 7.77 1.00 0.64 0.31 0.48 0.24 9.16 -1.35
NGC2543 37.4 1.5 10.58 10.23 10.55 0.71 8.35 0.97 0.67 0.36 0.53 0.25 9.38 -0.88
NGC2558 71.6 2.15 11.01 10.65 11.69 0.62 9.51 0.79 0.91 0.62 0.81 0.49 9.48 -0.34
NGC2595 62.7 2.35 11.00 10.58 11.6 0.56 9.50 0.87 0.78 0.41 0.66 0.31 9.34 -0.36
NGC2604 32.3 0.59 9.91 8.97 8.86 0.86 6.49 0.98 0.31 0.17 0.34 0.21 8.94 -1.87
NGC2730 56.7 1.04 10.44 9.47 7.42 0.98 6.87 0.98 0.63 0.19 0.43 0.20 8.94 -2.14
NGC2780 31.8 0.49 9.98 9.09 9.67 0.88 7.84 0.98 0.52 0.18 0.53 0.26 9.22 -0.98
NGC2805 28.7 0.69 9.99 9.13 5.87 0.93 6.96 0.97 0.57 0.21 0.46 0.25 8.96 -2.90
NGC2906 33.5 1.11 10.68 10.23 11.80 0.51 9.66 0.92 0.85 0.43 0.60 0.27 9.64 -0.20
NGC2916 56.0 2.86 11.00 10.61 9.09 0.98 8.84 0.97 0.81 0.45 0.52 0.25 9.20 -1.14
NGC3057 25.9 0.96 9.43 8.72 5.96 0.93 6.41 1.07 0.28 0.11 0.32 0.16 8.26 -3.03
NGC3381 28.8 0.72 9.91 9.11 8.42 0.98 6.95 1.14 0.41 0.17 0.40 0.17 8.90 -2.02
NGC3614 38.4 1.41 10.37 9.74 8.64 1.16 7.87 1.07 0.59 0.23 0.51 0.22 8.95 -1.39
NGC3687 41.1 2.13 10.55 10.27 9.96 1.10 8.74 0.97 0.73 0.34 0.59 0.25 9.11 -0.84
NGC3811 49.0 2.08 10.74 10.43 9.88 1.06 7.70 1.07 0.60 0.25 0.49 0.22 9.29 -0.97
NGC3913 19.2 0.75 9.34 8.91 6.91 0.98 6.81 1.03 0.38 0.16 0.39 0.20 8.67 -2.83
NGC4047 53.3 2.28 10.99 10.63 10.22 0.88 9.39 0.96 0.73 0.29 0.55 0.21 9.42 -0.91
NGC4185 61.0 2.04 10.95 10.26 11.22 0.64 10.43 0.79 0.79 0.40 0.80 0.40 9.15 -0.38
NGC4210 43.2 1.41 10.57 9.94 9.80 0.95 8.8 1.02 0.75 0.33 0.61 0.23 9.15 -0.88
NGC4711 63.3 1.25 10.82 9.86 9.77 0.98 7.93 0.94 0.64 0.25 0.46 0.22 9.17 -1.02
NGC4961 42.5 0.60 10.01 9.19 8.87 1.02 7.13 1.06 0.39 0.14 0.29 0.14 9.14 -1.54
NGC5000 84.9 2.18 11.02 10.54 11.57 0.52 9.87 0.84 0.75 0.44 0.64 0.32 9.36 -0.25
NGC5016 43.5 0.96 10.59 9.91 10.4 0.76 8.73 0.89 0.64 0.28 0.53 0.28 9.45 -0.77
NGC5056 84.6 1.74 10.91 10.4 11.14 0.66 8.18 0.98 0.63 0.29 0.48 0.20 9.42 -0.50
NGC5157 108.0 3.84 11.32 10.93 12.48 0.47 9.72 0.86 0.89 0.69 0.78 0.40 9.26 -0.1
NGC5205 30.9 1.30 10.15 9.79 8.49 1.12 7.44 0.94 0.64 0.30 0.44 0.23 9.06 -1.57
NGC5320 43.6 1.34 10.59 9.96 10.57 0.84 8.85 1.00 0.66 0.27 0.51 0.21 9.21 -0.66
NGC5378 49.6 2.69 10.79 10.49 11.40 0.71 9.98 0.76 0.78 0.46 0.73 0.42 9.13 -0.34
NGC5406 79.0 3.61 11.34 11.02 12.09 0.50 9.94 0.80 0.93 0.61 0.73 0.35 9.4 -0.24
NGC5480 32.9 1.23 10.35 9.76 7.97 0.94 7.94 1.06 0.50 0.23 0.44 0.22 9.09 -1.95
NGC5519 111.3 2.64 11.20 10.93 10.76 0.56 8.32 0.98 0.70 0.33 0.65 0.28 9.59 -0.83
NGC5622 60.2 1.29 10.56 9.91 11.09 0.69 8.96 0.99 0.6 0.27 0.52 0.21 9.19 -0.43
NGC5633 39.6 1.10 10.63 10.12 10.23 0.86 8.61 1.00 0.58 0.22 0.39 0.18 9.54 -1.00
NGC5656 51.4 1.86 10.86 10.49 9.99 0.95 8.40 0.95 0.64 0.23 0.41 0.17 9.45 -0.85
NGC5665 37.3 1.05 10.52 9.81 9.33 0.91 7.89 1.14 0.37 0.15 0.43 0.19 9.27 -1.51
NGC5720 113.0 3.09 11.20 10.75 11.36 1.05 8.78 0.97 0.85 0.55 0.68 0.31 9.27 -0.49
NGC5732 59.3 1.17 10.29 9.71 9.54 0.88 7.36 0.94 0.53 0.18 0.33 0.15 9.08 -1.23
NGC5735 59.6 2.06 10.68 10.19 10.24 0.90 7.60 1.04 0.54 0.25 0.50 0.24 9.06 -0.84
NGC5772 74.8 3.62 11.2 10.94 12.2 0.46 10.13 0.79 0.87 0.59 0.70 0.35 9.33 -0.19
NGC5829 85.8 1.68 10.65 9.99 9.6 1.00 7.68 1.04 0.72 0.33 0.52 0.27 9.04 -1.3
NGC5888 126.7 3.59 11.48 10.88 11.19 0.92 8.49 1.00 0.99 0.32 0.88 0.31 9.27 -0.44
NGC5947 88.0 2.55 10.85 10.5 10.83 0.99 8.04 1.05 0.80 0.38 0.63 0.24 9.19 -0.62
NGC5950 43.3 1.00 10.05 9.54 8.77 0.84 7.85 1.06 0.34 0.13 0.42 0.29 9.04 -1.72
NGC5957 32.0 1.48 10.43 9.95 8.80 1.19 8.78 0.92 0.72 0.37 0.75 0.38 9.11 -1.24
NGC6004 60.8 2.56 10.95 10.45 10.82 0.71 8.61 0.93 0.72 0.34 0.59 0.26 9.13 -0.69
NGC6032 67.0 1.71 10.73 10.17 10.72 0.87 8.90 0.90 0.63 0.35 0.67 0.42 9.21 -0.59
NGC6063 46.7 0.76 10.36 9.34 9.01 1.02 7.58 1.03 0.60 0.20 0.50 0.22 9.08 -1.05
NGC6154 88.7 3.47 11.21 10.86 11.86 0.60 9.61 0.93 0.92 0.68 0.80 0.40 9.29 -0.28
NGC6155 40.3 0.98 10.44 9.74 7.91 1.04 6.29 1.01 0.61 0.19 0.44 0.20 9.26 -1.74
NGC6301 120.3 2.74 11.32 10.62 10.36 0.66 8.63 0.89 0.74 0.42 0.63 0.34 9.25 -0.88
NGC6941 88.6 2.97 11.31 10.81 12.08 0.57 9.89 0.79 0.87 0.62 0.73 0.43 9.37 -0.2
NGC7321 97.9 3.07 11.32 11.02 11.36 0.68 8.62 0.96 0.87 0.47 0.61 0.27 9.55 -0.42
NGC7489 85.1 1.75 11.18 10.48 10.07 0.80 8.03 0.88 0.55 0.25 0.44 0.23 9.49 -1.19
NGC7653 58.3 2.68 10.84 10.55 8.94 0.91 7.27 0.98 0.61 0.24 0.47 0.21 9.20 -1.39
NGC7691 55.2 1.10 10.52 9.50 7.10 0.87 7.32 0.71 0.63 0.32 0.67 0.49 8.92 -2.56
NGC7716 35.6 1.44 10.64 10.34 10.40 1.08 9.17 0.92 0.76 0.36 0.50 0.22 9.53 -0.73
NGC7738 91.4 3.47 11.34 11.12 11.66 0.60 9.46 0.81 0.74 0.45 0.78 0.43 9.55 -0.40
NGC7782 72.6 3.87 11.42 11.11 12.09 0.32 10.26 0.70 0.90 0.74 0.66 0.38 9.44 -0.21
NGC7800 24.7 0.83 9.60 8.88 5.28 1.15 4.79 1.05 0.22 0.10 0.24 0.13 8.54 -3.78
NGC7819 67.2 1.91 10.46 9.99 9.03 0.93 6.94 1.02 0.50 0.22 0.46 0.20 8.93 -1.5
UGC00312 58.5 1.10 10.31 9.60 7.53 0.96 6.17 1.04 0.32 0.14 0.28 0.15 9.02 -2.98
UGC02311 94.5 3.01 10.97 10.60 9.19 0.85 7.80 0.95 0.72 0.42 0.56 0.29 9.15 -1.11
UGC02443 33.2 0.48 9.85 8.97 9.53 1.08 7.55 0.94 0.58 0.24 0.42 0.21 9.10 -1.02
UGC03253 59.5 1.77 10.96 10.71 10.11 0.79 9.12 0.91 0.79 0.49 0.61 0.27 9.71 -0.69
UGC03973 93.1 3.02 11.11 10.68 11.59 0.51 10.33 0.71 0.50 0.33 0.50 0.27 9.23 -0.1
UGC04195 69.8 1.94 10.82 10.28 12.02 0.44 9.81 0.87 0.75 0.46 0.72 0.36 9.21 -0.15
UGC04262 80.8 2.75 10.96 10.58 10.79 0.84 10.29 0.81 0.80 0.44 0.70 0.35 9.20 -0.48
UGC04308 52.1 1.73 11.07 10.3 9.04 0.90 8.05 1.03 0.64 0.32 0.54 0.25 9.32 -1.59
UGC04375 31.7 0.90 10.41 9.76 8.81 0.82 8.11 0.90 0.73 0.37 0.63 0.30 9.36 -1.57
UGC04455 130.0 3.05 11.3 10.78 11.85 0.43 8.21 0.64 0.86 0.68 0.62 0.42 9.32 -0.32
UGC05520 50.1 1.40 9.96 9.44 6.31 0.89 7.18 0.99 0.39 0.15 0.28 0.15 8.66 -3.08
UGC05976 22.6 0.57 8.89 8.29 5.80 0.91 6.55 1.03 0.27 0.12 0.35 0.23 8.28 -3.03
UGC06517 40.9 0.82 9.94 9.23 6.34 1.10 6.78 0.98 0.53 0.19 0.41 0.17 8.91 -2.83
UGC06616 22.2 0.52 9.27 8.25 5.78 1.01 6.22 0.97 0.40 0.17 0.41 0.27 8.33 -2.61
UGC06930 15.5 0.47 9.2 8.31 6.21 1.02 6.66 1.02 0.31 0.12 0.32 0.14 8.46 -2.9
UGC07012 49.4 0.82 9.97 9.17 6.91 1.07 6.36 1.06 0.42 0.14 0.31 0.15 8.85 -2.41
UGC08733 39.7 0.89 9.67 8.67 5.87 1.11 5.14 0.97 0.25 0.12 0.32 0.17 8.27 -2.82
UGC08781 113.0 3.75 11.28 10.95 11.93 0.60 10.08 0.86 0.89 0.59 0.74 0.36 9.31 -0.24
UGC08909 29.8 0.43 9.40 8.38 6.15 1.34 5.35 0.86 0.45 0.22 0.40 0.26 8.61 -2.03
UGC09067 116.0 1.81 11.1 10.49 11.61 0.51 8.85 0.86 0.65 0.29 0.50 0.25 9.47 -0.41
UGC09291 47.6 1.16 10.03 9.33 7.96 1.00 6.97 1.05 0.43 0.17 0.40 0.18 8.71 -2.04
UGC09476 52.3 1.69 10.47 9.82 8.50 1.00 7.30 1.09 0.54 0.18 0.51 0.21 8.87 -1.51
UGC09837 43.2 1.23 9.80 9.04 5.45 0.81 5.57 0.89 0.43 0.17 0.32 0.14 8.37 -3.6
UGC10796 48.0 0.99 9.67 8.91 5.47 1.11 4.54 0.95 0.37 0.13 0.31 0.17 8.42 -3.39
UGC11649 55.3 1.75 10.76 10.29 9.92 0.95 6.81 0.98 0.82 0.37 0.96 0.37 9.3 -0.74
UGC12224 48.7 1.29 10.28 9.45 7.82 1.03 7.47 1.04 0.57 0.23 0.48 0.22 8.73 -1.97
UGC12250 98.9 2.80 11.15 10.77 11.33 0.73 9.57 0.82 0.89 0.55 0.66 0.33 9.38 -0.52
UGC12767 71.2 2.57 11.43 10.9 10.70 0.70 8.36 0.93 0.65 0.34 0.53 0.26 9.58 -0.63
UGC12816 71.9 1.39 10.01 9.44 8.05 1.01 5.75 1.04 0.38 0.16 0.31 0.15 8.66 -2.11
UGC12864 63.6 1.35 10.23 9.70 8.32 1.01 6.08 1.03 0.48 0.19 0.40 0.17 8.94 -2.05
UGCA021 26.4 1.16 9.39 8.88 7.33 1.07 4.18 0.83 0.32 0.16 0.32 0.23 8.26 -2.28
